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INTRODUCTION 
Applications of thermal analysis in fossil fuel research date back as far as the 

techniques themselves. Thermogravimetry (TG) had been used by Somiya and Hirano in 
1930 to determine the volatile yield of many coals (1). Advances in design of 
thermogravimetric analyzers (TGA) now allow experiments to be canied out simply and fast 
in high accuracy under various conditions from vacuum to high pressure (24). A TG method 
has been devised for the proximate analysis of coal with the results of the same precision 
and accuracy as BS and ASTM methods (5). 

Thermogravimetric (TG) techniques have been used in our laboratory to characterize 
fossil fuel samples (6) and to study coal liquefaction kinetics, mechanisms, and processes (7- 
10). TGA has been providing sensitive, rapid, and reproducible measurements for those 
purposes. The various weight loss processes determined during the TG analysis reflect the 
physical and chemical structural changes during the conversion. Thermogravimetric analysis 
has other desirable features as well. First, only very small samples, usually about 30 mg, are 
required for each TG scan. Second, by suitable adjustments in the work-up procedures and 
the TG operating parameters, thermogravimetric analysis reveals important information 
concerning the reaction pathways. Besides, custom-built thermogravimetric techniques 
provide very flexible means and unique features for fossil fuel research (11-13). 

Development and applications of the TG techniques in our laboratory are reported 
in this paper. These include 1). characterization of coal structure; 2). determining the 
liquefaction conversion and measuring the rate of the retrograde reactions occurring during 
coal liquefaction; 3). evaluating the thermal and catalyzed hydroprocessing of the coal- 
derived resids; and 4). determining the boiling range of liquid fuels. Various effects 
including the TG operating variables, such as heating rate, purge gas type (e.g. H, or N2), 
gas flow rate, and modification of the TG sample pan as well as a method for the 
development of a custom built thermogravimetric system are also discussed in this paper. 

EXPERIMENTAL 
Apparatus. The Thermogravimetric Analyses (TGA) were performed with a Model 

51 TGA (TA Instruments, New Castle, Delaware). 
Procedures. An approximately 30-60 mg sample (e.g. coal, coal liquefaction residue, 

coal liquid, coal-derived resid, etc.) was loaded in a quartz pan and mounted in the 
instrument. Selected TG scans were processed using an 11-point smoothing filter of the 
Linear Regression & Error Analysis procedure (14). The program of manipulation of the 
TG operating variables was determined by the objectives of the particular experiment. 

Materials Studied. Eight coals of rank from lignite to 1.v.bituminous were obtained 
from the Argonne Premium Coal Sample bank. Analytical values of the these coals are 
given in the User's Handbook (15). Two 850"Fdistillation residue oils (resids), one derived 
from Wyodak subbituminous coal and another from Pittsburgh bituminous coal, were 
obtained from the Wilsonville Pilot Plant Runs 259 and 260, and prepared and composited 
by CONSOL Research. At room temperature, these two resids are solid and only partially 
soluble in tetralin. 

RESULTS AND DISCUSSION 
Coal Structure and Composition. A representative TG scan on the Illinois #6 coal 

is shown in Figure 1. In brief, two stages, Le., 1) the heating rate at 10 "C/min to 950"Cin 
nitrogen and hold for 7 mk, and 2) the oxidation at 950"C.provided measures of Volatile 
Matter (VM), Fixed Carbon (FC), and Ash. Ash content measured by TGA is in close 
agreement with that determined by ASTM D3174. When a coal sample is bright to 110 "C 
in nitrogen and hold for 10 min, the weight loss is a measure of the moisture content (16). 

The differential of the weight loss (DTG) curve highlights the various TG processes 
more clearly. The DTG curve for Illinois #6 shows a pattern which is more complex than 
many of the other &gOMe Coals. This becomes even more distinct and complex if the 
heating rate is slowed down to about 1 W m i n  (6). 

Thermogravimetric analyses were also run in a hydrogen atmosphere. This provided 
additional information regarding the structure of coal. (For safety reasons, hydrogen MUST 
be thoroughly displaced by nitrogen before air or oxygen is introduced.) DTG curves of the 
eight Argonne Premium Coals in nitrogen and in hydrogen show similar patterns. However, 
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the Volatile Matter yields at heating rates from 10 "Clmin to 200 " C h i n  are consistently 
higher, and therefore the Fixed Carbon yields are lower, in hydrogen than in nitrogen. 
More importantly, the heating rate has a strong effect on the yields of Volatile Matter in 
either hydrogen or nitrogen. In hydrogen, the Volatile Matter yields decrease somewhat as 
the heating rate increases. This may be because the pyrolysis time is shorter at higher 
heating rate, providing less time for reaction with the molecular hydrogen to form more 
volatile products. However, in nitrogen, the Volatile Matter yields increase with increasing 
heating rate. This phenomenon may be because, at the low heating rates, the unquenched 
free radicals react to form more retrograde products (fixed carbon). This is consistent with 
the flash pyrolysis process, where the oil and gas product yields increase with increasing 
heating rate. 

DTG curves scanned in 100 
cm'(STP)/min nitrogen at 10 W m i n  for the eight Argonne Premium Coals (which were 
dried in a vacuum oven with a nitrogen purge at 105 "Cfor 48 hours before use) are shown 
in Figure 2. These coals range ranking from lignite to I.v.bituminous. This plot clearly 
shows the gradual shift of peak temperature as the coal rank increases from Lignite to low 
volatile bituminous coal, However, the peak height increases to a maximum at about 81 
wt% (daf) Carbon and then decreases as the rank increases. 

Coal Liquefaction Studies. A Short-Contact-Time Batch Reactor (SCTBR) was used 
to run coal liquefaction. This reactor apparatus allows the heat up and quenching of the 
process stream to and from reaction temperature in about 0.3 seconds, respectively. The 
design and operation of such a SCTBR reactor system have been described in detail 
elsewhere (17.18). After a liquefaction run, the product mixture was filtered and the solid 
residue washed with fresh tetralin thoroughly, then rinsed with methylene chloride to remove 
residual tetralin, and dried in a vacuum oven with a nitrogen purge at about 105 "Cfor 48 
hours, This resulted in the production of a liauid filtrate, which consisted mainly of tetralin 
and dissolved coal liquids, and a solid filter cake, of unconverted and/or partially converted 
solid coal residue. 

During coal liquefaction, the coal liquids are extracted into the tetralin solvent. 
However, the mineral matter of the coal remains with the solid coal residue and is insoluble 
in tetralin, as proven by the TG scan on the liquid filtrate (8,19). Since the ash is not 
consumed during the liquefaction and remains in the solid, conversion to the tetralin-soluble 
oils can be derived based on an ash-balance (8.17): 

TGA provides an objective measure of coal rank. 

(1) 
A 

Conversion = ( 1  - 2) x 100% 
As 

where A, and A, are the weight fractions of ash in the control sample and in the 
liquefaction residue, respectively. The control sample is the original coal which is processed 
exactly as a liquefaction residue except at ambient temperature. When the liquefaction is 
carried out in the presence of an inorganic catalyst, the conversion calculation must include 
an ash value corrected for the ash derived from the catalyst. 

The thermal and catalyzed liquefaction conversions of Illinoih #6 coal in tetrali at 
390 "Care shown in Figure 3. In the thermal liquefaction, three distinct phases in the 
process were observed, i t . ,  a very rapid conversion followed by an induction period and 
then a slower liquefaction of the coal structure. The initial rapid conversion in the first 
minute is due to the physical extraction of a soluble fraction of the coal into the hot tetralin. 
This is followed by an induction period and then the slow conversion of the coal structure 
to liquid products. The induction period observed is actually a pseudo induction period. 
This induction period is a transition interval which is due to the simultaneous Occurrence 
of two processes, a very rapid extraction and a relatively slower liquefaction of the coal 
structure. In fact, as the temperature increases, the induction period steadily becomes less 
pronounced as the rate of break down of the coal structure increases and becomes closer 
in reaction rate to the extraction step itself (10). That the induction period is not due to 
the build up of free radicals is also proven by ESR data (20.21). In the catalyzed 
liquefaction, the pseudo induction period is, as expected, diminished and the subsequent 
conversion is much faster for the catalyzed than the thermal liquefaction. More importantly, 
the retrograde process, leading to form tar, coke and char, is very significantly reduced in 
the presence of catalyst and hydrogen as is shown by the Fixed Carbon content in the 
residue as a function of liquefaction time (Figure 4). When the catalyzed liquefaction was 
run at higher temperature, the Fixed Carbon of the residue was even further reduced 
(Figure 5). suggesting that the precursors of the retrograde processes are being hydrogenated 
and stabilized during the catalyzed liquefaction. Liquid yields were thereby significantly 
improved (Figure 6). 

DTG curves for partially converted coal liquefaction residues of Illinois #6 coal after 
liquefaction , in  tetralin at 390°C under lo00 psig nitrogen at selected contact times are 
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shown in Figure 7. The gradual disappearance of the two smaller peaks (one of them 
identified as FeS, conversion to FeS and S) clearly indicates that some chemical changes in 
the solid coal are taking place before the coal actually becomes liquid. In addition, the 
sensitivities of the production of VM in the residues to heating rate and to atmospheres of 
nitrogen and hydrogen are significantly changed as shown in Figures 8a and 8b for the 
unreacted original Illinois #6 coal and a liquefaction sample of Illinois #6 taken after 30 
seconds at 390 "C,respectively. The profound changes shown in that short time suggests 
that even short exposure to donor solvent can significantly change the character of the coal 
before much actual liquefaction has taken place. This change may merely be the removal 
of a very unstable volatile fraction or actual stabilization by hydrogen transfer from the 
donor solvent. 

Evaluating the thermal and catalyzed hydroprocessing of the coal-derived resids. 
The Short-Contact-Time Batch Reactor (SCTBR) was again used for the thermal and 
catalyzed hydroprocessing of the coal-derived resids. The resid reaction product workup 
procedure and determination of the thermal and catalyzed resid conversion have been 
described in detail elsewhere (8). The conversion of resid to tetralin soluble material was 
determined by relating the inorganic matter (ash) in the reacted resid with that of the un- 
reacted resid. Un-catalvzed conversion of tetralin-insoluble resids to tetralin soluble 
products in this study was very low (< 10 wt%) under coal liquefaction conditions (410 - 440 
C, 1500 psig H,, 2 - 5 of tetralin to resid ratio). But, up to 80 wt% (ash-free basis) was 
solubilized in tetralin using sulfided Ni/Mo on alumina catalyst at 434°C for 10 min. 
Hydroprocessing at liquefaction conditions (see above), and particularly in the presence of 
NUMo on alumina catalyst, was effective for converting tetralin-insoluble to tetralin-soluble 
material, and for reducing the average molecular weight (8). Up to 50 wt% of the resid was 
already tetralin soluble even at room temperature. Therefore, the tetralin solubility cannot 
be used as a measure of the resid converted to low boiling fuels. The actual conversion of 
resid represents the portion of the resid which is broken down in the hyroprocessing to low 
molecular weight material boiling below 850 "F. For that reason, additional technique(s) 
is required for measuring the degree to which the resids is converted to lower boiling 
products ( i s .  below 850 OF). 

An analytical TGA method for boiling range measurement, SimDis TGA, has been 
developed for that purpose. This SimDis TGA technique requires a change in the 
conventional TGA sample pan. It was devised with a small aperture at the top of the pan. 
The fundamentals, methodology, and experimental details of the SimDis TGA technique 
have been reported in the Symposium on New Analytical Methods for Characterizing Fossil 
Fuels and Derived Products in Chicago in 1995 (22). The boiling point distribution of 
Wilsonville # 258 resid liquid sample, which was determined by the SimDis TGA technique, 
is shown in Figure 9. This resid sample was hydroprocessed in tetralin using sulfided 
molybdenum naphthenate catalyst at 403"Cfor 60 minutes. The fraction of the resid liquid 
boiled below 850 "F(i.e. 850 "F-)was 93.8wt%, in which tetralin fraction was included. The 
following equation: 

Conversion (850 O F - )  = TSF x (1 - 850 OF' in terndin) x 100% (2) 
RSF in tetralin 

was used to evaluate the resid conversion to 850 T d u r i n g  the thermal and catalyzed 
hydroprocessing. In Equation 2, TSF (Tetralin Soluble Fraction) was determined by ash 
content in the solid residue (8); RSF (Resid Soluble Fraction) and 850 "F'fractions in 
tetralin were determined by running the ramp and SimDis TGA methcds (8.22) on the resid 
liquid products, respectively. Preliminary studies show that, for the illustrative sample in 
Figure 9, TSF (Tetralin Soluble Fraction) determined by ash content of the solid residue 
was 67.8 wt%; 850 'F'fractions in tetralin determined by the ramp method was 8.62 wt%. 
Conversion of the Wilsonville #258 resid hydroprocessed under those conditions to 850 F- 
was 19.0 wt%. 

Determining boiling point distribution of liquid fuels. In addition to the SimDis 
TGA method, which is capable of measuring the boiling point up to loo0 "Cand briefly 
described in previous section, a custom-built thermogravimetric apparatus for distillation of 
liquid fuels was also developed in our laboratory (23). As an example, boiling point 
distribution of a crude oil analyzed using the custom-built thermogravimetric apparatus is 
illustrated in Figure 10. 

CONCLUSION 
Thermogravimetric analysis (TGA) of coal and resid liquids and coal and resid solid 

residues, which were produced in coal liquefaction and coal-derived resid hydroprocessing 
in the SCTBR (Short-Contact-Time Batch Reactor) apparatus, provides a sensitive, rapid, 
and reproducible means of studying the kinetics and mechanisms of fossil fuel conversion 
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processes. SimDis TGA and the custom built thermogravimetric system for distillation 
provide unique means to characterize liquid fuels for the boiling point distribution. 

Thermogravimetric Analysis (TGA) provides information concerning the various 
weight loss processes that can be a reflection of the physical and chemical structure of fossil 
fuel samples. More importantly, this technique is also capable of yielding TG scanning 
parameters, such as Volatile Matter, Fixed Carbon, Ash, etc. to be used to monitor the 
fossil fuel conversion processes. A significant example is to determine the onset and rate 
of the retrograde reactions during the coal liquefaction process. 
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Figure 1 A TG scan of Illinois #6 coal at 10 Clmin 

Figure 2 DTG profiles of the eight ArgoMe coals 
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Figure 3 Conversion vs time of the thermal and catalyzed (about 0.9 wt% Mo of sulfided molybdenum 
naphthenate) liquefaction of Illinois #6 
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Figure 7 DTG profiles for the liquefaction residues of the Illinois #6 bituminous at the selected COntacI times 
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INTRODUCTION 

i ) 

Several current research programs at the Illinois State Geological Survey (ISGS) relate to the 
development of activated carbons from Illinois coal, fly ash, and scrap tires [l-51. Preparation of 
activated carbons involves thermal processing steps that include preoxidation, pyrolysis and 
activation. Reaction time, temperature and gas composition during these processing steps ultimately 
determine the nature of the activated carbon produced. Thermal analysis plays a significant role in 
developing carbons by providing hndamental and engineering data that are useful in carbon 
production and characterization for process development. 

EXPERIMENTAL I 

Thermal analysis instnunents and their applications are useful for characterizing activated carbon 
precursors and intermediate and final products. Instruments available in the Thermal Analysis 
Laboratory at the ISGS include both atmospheric (Cahn TG-13 1) and high pressure (SRE Model TL- 
TGA 1900/600) thermogravimetric analyzers (TGA and PTGA). Evolved gases from a controlled 
fixed-bed thermal reactor are monitored by non-dispersive infrared CO and CO, analyzers 
(Rosemount model 880) and a quadrupole mass spectrometer (Fisons model MMPC300-D). All 
instruments are computer interfaced to allow data collection and rapid data reduction and analysis. 

Proximate analysis is performed in the TGA to determine the amounts of moisture, volatile matter, 
fixed carbon and ash content in activated carbons. In a typical analysis, 50 mg of sample is heated 
in a platinum pan at 50°C/min to 950°C in N, flowing at 75 cc/min (STP). The temperature is held 
constant at 950°C for 10 minutes, then reduced to 750°C. Air is introduced at 750°C until the 
oxidation reaction is complete and no hrther weight loss is observed. 

Activation studies are done in the TGA to determine appropriate conditions for activation of carbon 
samples inlarger scale test facilities [6]. Reactivity is determined in the TGA using air at 380-5OO0C, 
CO, at 920-1O0O0C, or steam at 86O-96O0C. Typically, 2-10 mg of sample is heated in N, to a 
predetermined reaction temperature. Once the temperature and weight stabilize, appropriate reaction 
gas is substituted for the N, and weght loss is monitored as a function of time. 

SO, removal efficiencies from simulated combustion flue gas by activated carbons is determined in 
the TGA [7]. In a typical run, 30-SO mg of sample is heated at 20"C/min in flowing N, to 360°C to 
remove surface impurities. The sample is then cooled to 120°C in N, and the gas stream is switched 
to a mixture of 5% 0,7?/0 H,O , balance N,. Because at this temperature 0, and H,O are adsorbed 
onto the carbon, the sample weight is allowed to stabilize before SO, (2500 ppmv) is introduced into 
the TGA. Uptake of SO, is monitored for up to 60 h. 

Methane adsorption capacities of activated d o n s  are determined using the PTGA [2]. The samples 
are degassed at 1SO"C for 3 h in N, prior to adsorption of methane. Adsorption of methane is done 
at 25°C at pressures of 0, 100, 200, 300, 400 and 500 psig. The rate of methane uptake and the 
adsorption capacity (g methane/g char) are recorded by a computerized data acquisition system. 

The nature and extent of oxygen fimctional groups on the carbon surface are determined by 
temperature programmed desorption (TPD) [8]. TPD experiments are performed in a 2.5 cm ID 
stainless steel fixed-bed reactor system. In a typical run, 0.5 g of sample is heated at 5'C/min to 
1000°C in N, flowing at 0.5 Umh Temperature is held at 1000°C until evolved CO and CO, return 
to baseline concentrations, indicating complete desorption. Concentrations (ppm) of CO and CO,, 
time and temperature are recorded by a computerized data acquisition system. The areas under the 
CO and CO, curves are converted to the amount of oxygen present on the carbon surface. 

(I RESULTS AND DISCUSSION 

Carbon production 

Partial gasification during activation serves to develop surface area and porosity in char The overall 
surface area and type of pore structure of the activated carbon may be controlled by the rate and i 
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extent of gasification during activation. Chars may be activated with oxygen, steam, CO,, or a 
mixture of these gases. At a given temperature, the relative rates of reaction for these gases range 
over several orders of magnitude, with 0, > steam > CO, . Thermogravimetry (TG) provides a 
method for directly monitoring both the rate and extent of activation as the reaction proceeds. This 
allows for good control of process conditions when preparing an activated carbon with characteristics 
needed for a particular application, Figure 1 shows the activation profile of a carbon prepared from 
a utility fly ash. Initial activation was done at 950°C in CO, for 1 hour, with a weight loss of only 
5%. Surface areas of activated carbons, not corrected for ash content, generally increase 
monotonically during activation up to about 80% weight loss (conversion) [9]. After 1 h, the gas 
composition was changed to 50% steam/50% CO,, which resulted in a total weight loss of 30% in 
2 h. Using the data from Figure I, a larger sample was prepared in a horizontal tube furnace that had 
surface area and adsorption properties similar to the sample prepared in the TGA. 

Carbon Characterization 

Carbons with a variety of surface areas and pore size distributions have been developed at the ISGS 
for various applications. One such application is the removal of contaminants from flue gas streams 
ofwaste incinerators [IO]. STEAG, of Essen, Germany, has developed a process in which a bed of 
low surface area, low cost carbon is used to remove contaminants such as particulate matter, dioxins, 
furans, mercury, SO,, other acid gases and heavy metals from flue gas. The ISGS was asked to 
prepare a low surface area, low cost activated carbon from Illinois coal for testing in the STEAG 
a/&" process. Process variables, developed to prepare gram quantities of carbons in the laboratory, 
were used ultimately to prepare 500 pounds of activated carbon for tests in STEAG's pilot plant [I 11. 
STEAG believes that the SO, adsorption behavior of a carbon is indicative of its ability to remove 
other contaminants from flue gas streams using their process [12]. Surface area and SO, adsorption 
behavior of the activated carbons prepared in each stage of scale up were used as guides to ensure 
that a carbon was produced with desired properties for the STEAG process. TG provided a rapid 
method for determining the relative rates of SO, adsorption and equilibrium SO, adsorption capacity 
of a carbon using only milligram quantities of sample. Figure 2 shows the kinetics of SO, adsorption 
in a simulated flue gas for the ISGS carbon and the carbon STEAG currently uses in their process 
(Herdofenkoks). Although the surface area of the Herdofenkoks was nearly three times that of the 

d rate of SO, adsorption was much greater for the ISGS carbon. This carbon 
has proven effective in STEAG's process during pilot plant tests. 

TG has been used to study the effect of adsorption temperatures, gas compositions and carbon 
characteristics on SO, adsorption by carbons [ 131. Figure 3 shows SO, adsorption by an air activated 
carbon heated to different temperatures in inert gas after activation. These carbons all had surface 
areas of about 300 m2/g, suggesting that surface area is not a good indicator of SO, adsorption [ 131. 
Corresponding TPD profiles for the air activated carbons show that as the parent carbon was heated 
to higher temperatures, less oxygen was present on the surface of the carbon (Figure 4). These 
results suggest that SO, capacity is inversely related to the amount of oxygen on the surface of the 
carbon. Similar data have been found for other carbons. These results were used to propose a new 
mechanism for SO, adsorption on activated carbons [14]. 

TG also permits rapid evaluation of the thermal regeneration of carbons, and may be used to predict 
the life cycle of adsorbents in different applications. Adsorptioddesorption cycles were performed 
in the TGA to determine regenerative properties of an activated carbon prepared from Illinois coal 
by steam activation, followed by €€NO,-treatment and thermal desorption at 925°C [4]. After initial 
SO, adsorption, the carbon was regenerated in the TGA by heating to 360°C. Regeneration of the 
carbon in this manner resulted in a significant decrease in the SO, adsorbed in subsequent 
adsorptioddesorption cycles (Figure 5). These results have been explained by the formalion of stable 
oxygen complexes on the surface of the carbon that inhibit adsorption of SO, [4]. It is thought that 
regeneration of this carbon at higher temperatures would restore its original SO, capacity, but this 
remains to be determined. 

Carbons prepared from different precursors such as coal, fly ash and tires may have different 
adsorption properties not only because of their structure, but also due to different composition. A 
significant portion of the carbonaceous material is lost during pyrolysis and activation, and non- 

I volatile mineral matter present in the precursor is concentrated in the remaining carbon product. 
Proximate analysis of activated carbons can be done rapidly with TG to provide information on the 
moisture, volatile matter, fixed carbon, and mineral matter present in the carbon. Figure 6 shows 
proximate analyses for a fly ash carbon and three steam activated chars made from Illinois coal. 

Activated carbon may be used for onboard methane storage in natural gas vehicles, This storage 
technology is less expensive, occupies less space and costs less to refuel than compressed natural gas 
storage, and may result in vehicles that are lighter and have much greater storage density at low 
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pressure (< 35 atm). Activated carbons that might be suitable for this application have been prepared 
at the ISGS from both Illinois coal and scrap tires [2]. Pressurized TGA allows methane adsorption 
isotherms to  be measured for small quantities of sample as shown in Figure 7. Shown for comparison 
is the isotherm for a commercial activated carbon Calgon BPL. Activated carbons prepared from 
scrap tires exhibit a wide range of adsorption capacities. Methane adsorption capacities (g methandg 
char) of some tire-derived carbons were within 10% of the BPL carbon. 

SUMMARY 

Thermal analysis techniques have been used at the ISGS as an aid in the development and 
characterization of carbon adsorbents. Promising adsorbents from fly ash, tires, and Illinois coals 
have been produced for various applications. Process conditions determined in the preparation of 
gram quantities of carbons were used as guides in the preparation of larger samples. TG techniques 
developed to characterize the carbon adsorbents included the measurement of the kinetics of SO, 
adsorption, the performance of rapid proximate analyses, and the determination of equilibrium 
methane adsorption capacities. Thermal regeneration of carbons was assessed by TG to predict the 
life cycle of carbon adsorbents in different applications. TPD was used to determine the nature of 
surface functional groups and their effect on a carbon’s adsorption properties. 
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Introduction 

Thermal analytical techniques such as thermogravimetric analyzer (TGA) have been used 
extensively in characterizing the thermal behavior of coals. Intrinsic reactivity (expressed as 
instantaneous, average and time required for 50% bumoff (T~)), volatiles release profiles and 
buming profiles are common parameters used to predict combustion behavior in a large 
combustion system. The burning profile provides information on the combustion rate including 

:', intensity of reaction, heat release rate and residence time requirements for a fuel compared to those 
of a fuel with known combustion characteristics. The technique for determining the buming 
profile was developed by Babcock and Wilcox as a method for evaluating fuels to select the 
optimum boiler design (Wagoner and Duzy, 1967). The technique has been modified by others ( 
Cumming, 1984; Cumming and McLaughlin, 1982; Morgan et al., 1986, 1987; Smith et al., 1981) 
to characterize the combustion behavior of coals in a laboratory. However, information on the 
validity of these profiles to industrial scale and utility boilers is scarce. 

various devices ranging from drop tube reactor to an industrial scale boiler. This paper summarizes 
the observations, and discusses the applicability of the data from the profiles to predict the 
combustion behavior. 

Penn State Energy and Fuels Research center evaluated combustion behavior of coals in 

What is a Burning Profile 7 

A burning profile is a plot of the rate at which a solid fuel sample changes weight as a 
function of temperature, when heated at a constant rate. Cumming and McLaughlin (1982) used 
four characteristic temperatures to interpret a buming profile; 1) the fmt initiation temperature 
where the weight first begins to fall (ITvM); 2) the second initiation temperature where the rate of 
weight loss accelerates due to the onset of combustion of char (IT&; 3) the peak temperature (€T) 
where the rate of weight loss is a maximum; and 4) the bumout temperature, where the weight 
becomes constant at the completion of burning (BT). Cumming (1984) later proposed in lieu of 
the above four characteristic temperatures, a weighted mean apparent activation energy value which 
correlated well with the FT. These characteristic temperatures as proposed by Cunning and 
McLaughlin (1982) have been used with minor modifications by Morgan et. al. (1986, 1987) to 
interpret burning profiles. 

Literature Review 
Wagoner and Winegartner (1973) reported a successful combustion evaluation of fluid 

coke from a California crude and a delayed coke derived from a Louisiana crude oil with respect to 
a reference combustion profile of Pocahontas coal. These profiles were reported to predict the 
performance of these fuels in an industrial boiler. Smith et al. (1981) later evaluated the relative 
ease of combustion of sixty-six coals ranging in rank from lignite to low-volatile bituminous and 
with low mineral matter contents. The activation energies obtained varied from 4 KI mol -1 in the 
high temperature, diffusion controlled zone to 290 KJ mol - I  in the chemical reaction controlled, 
low-temperature zone. 

Morgan et al.(1986) correlated the BTs from the burning profiles to predict bumout values 
based on a model that uses data on oxidation rates of chars prepared in an entrained flow reactor 
and coal properties. Nine coals were ranked based on their performance in a pilot scale pulverized 
coal combustor and the ranking correlated well with the characteristic temperatures from the 
buming profiles of the coals. Superior burnout has been reported with coals having low bumout 
temperatures. 

Wagoner and Winegartner (1973) reprted that the Pocahontas coal with a volatile matter 
content of 14-16.5% and a Bureau of Mines char with a 5% volatile matter should have identical 
combustion characteristics based on their burning profiles. But, Demeter et al. (1973) found that 
in a 500 I b h  experimental coal combustor the Pocahontas coal bunt with out any auxiliary fuel or 
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preheat of the primary air whereas the Bureau of Mines char needed preheat or auxiliary fuel to 
bum successfully . 

Experimental 
In this study combustion behavior of coals as evaluated in a drop tube reactor, a research 

boiler generatine Loo0 Ibh steam and a 15.000 Ibh (steam) industrial scale demonstration boiler 
is repo&d. FoYcoals tested m these devices, bunung profiks were obmned In a Perkin Elmer 
TGA. 

The experimental variables in the TGA which were found to affect the rate of burning and 
hence the burning profile included heating rate, sample weight, shape and material of construction 
of the sample pan and the heat capacity of the pan. Although the experimental conditions originally 
employed by Wagoner and Duzy (1967) allow the combustion rate to be limited by the diffusion 
rate of oxygen, as shown by Smith et al. (1981). and the temperature of the sample may not have 
been representative of the temperature of the burning fuel, the burning profile data obtained in the 
TGA seemed to produce consistent results in the evaluation of the relative combustion performance 
of unknown fuels with different equipment in different laboratories. 

The results during optimization of test conditions indicated a good reproducibility of 
characteristic temperatures (+ 1.8"C). The effect of heating was determined using an Upper 
Freeport seam coal for heating rates of 5.10.15, and 20°C midl  and a sample weight of 5 mg. 
The results are shown in Table 1. It is seen from the results that as the heating rate was increased 
the characteristic temperatures proportionately increased which did not change the relative ranking 
of a coal. At higher heating rates some low rank coals ignited and therefore, led to uncontrolled 
temperature of the sample. Hence, a heating rate of 10'C m i d  was used in this study. The effect 
of sample amount was not as significant as that of heating rate and a sample size of 5 mg was used. 

Table 1. Effect of Heating Rate on  Characteristic Temperatures 

Heating Rate 50unlh I0"Umin 15°Umin 2O"Umin 
Initial Temperature (lT) 325.6 337.5 350.0 347.0 
Peak Temperature (FT) 494.1 505.1 522.6 618.3 

Burnout Temperature (BT) 542.0 616.0 618.3 630.0 

The following characteristic temperatures as defined in earlier work ( Pisupati et al., 1991 
and Pisupati and Scaroni, 1993) were obtained for each sample. The Mtial Temperature (IT), is 
defmed as the temperature at which the rate of weight loss exceeded 0.1% m i d  after the initial 
moisture loss peak. The Peak Temperature (pr) is defmed as the temperature at which the rate of 
weight loss was maximum and the Burnout Temperature (BT) is the temperature at which the rate 
of weight loss decreased to 1.0 % mid. 

Results and Discussion 
In an earlier study conducted in the laboratoly, a set of five fresh and companion crop coals 

was used to investigate the influence of natural weathering (in-situ) and low-temperature oxidation 
on the combustion behavior of the coals. In the study a fresh coal sample was oxidized in the 
laboratory for 2 hours, and for 72 hours in stagnant air to oxidize the coal to a similar level to that 
of the naturally weathered crop coal. Combustion behavior of the suite of coals was determined in 
the laboratory by obtaining burning profiles and the combustion efficiency in a drop tube reactor. 
The characteristic temperatures were derived from the burning profiles. Figure 1 shows the 
profiles for the Fort Palmer fresh and crop coals. Analogous profiles were obtained for other 
samples. The initial negative weight change in the burning profiles is due to the loss of moisture. 
The second positive peak at around 300°C for the fresh coal samples is attributed to the adsorption 
of oxygen, and represents a weight gain of about 3%. Adsorption of oxygen by the significantly 
oxidized crop coals was not apparent and these. coals had lower initial temperatures (approximately 
20-1 15OC less) than the corresponding fresh coals. This can be explained as follows. Desorption 
of the preoxidized oxygen in the crop coals creates unoccupied sites for further oxygen adsorption 
and subsequent desorption, thereby initiating significant weight loss at much lower temperatures. 

For these oxidized coals, it was observed that there were two distinct peaks The lower 
peak is attributed to the decomposition of the carbon-oxygen complex and to the devolatilization of 
the coal. The height of this peak for the crop coals was proportional to the degree of oxidation. 
These profiles indicated that combustion is expected to be complete for the crop coals at lower 
temperatures than for their companions for otherwise the same operating conditions. 
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Figure 1. Burning Profiles for the Fort Palmer Fresh (-) and Crop (- - -)Coals 

reactor (DTR). Details of the reactor can be seen elsewhere (Pisupati and Scaroni, 1993). A 
relatively low combustion temperature of 1,300"C was used to accentuate the differences in 
combustion efficiencies. A coal feed rate of 0.33 g min -I  and a total combustion air of 4 1 min -', 
which corresponds to an excess air of 25%, was used. The results from the combustion studies in 
the drop tube reactor were consistent with observations from the burning profiles. Figure. 2 shows 
a correlation between the burning profile data and the combustion efficiency determined in the 
DTR. The figure indicates that the lower the initial temperature, the higher the combustion 
efficiency. 

The combustion efficiencies were conducted in a vertical, electrically heated drop tube 

3 5  4 5  5 5  8 5  7 5  8 5  9 5  

Combustion Efficiency (96) 

Figure 2. Initial temperatures (IT ) Obtained from Burning Profiles as  a 
Function of Combustio; Efficiency Determined in the DTR. 

In another study, combustion behavior of two Pennsylvania bituminous coals, an 
Indonesian subbitminous coal, and blends of PA and Indonesian coals was determined in a 
research boiler. Burning profiles were obtained for these coals and blends in the TGA prior to the 
combustion tests in the boiler. The compositional analysis of the coals is provided in Table 2. 

a maximum thermal input of 2 million Btu/h. The boiler is a standard Cleaver Brooks "A-frame" 
water tube boiler. The combustion chamber is 3 ft wide, 3 fi high and 7 ft long. To promote 
evaporation and ignition of difficult-to-bum fuels, a ceramic quarl extends the length of the 
combustion chamber by two feet. The quarl and the boiler are preheated by burning natural gas 
prior to introducing of the test fuel until the surface temperature was approximately 900°F. The 

The combustion tests were conducted in a 1,OOO lb steam /h water tube research boiler with 
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Table 2. Proximate Analysis (wt.%, d.b.) 

preheated quarl acts as a source of radiant heat to help support the flame. Pulverized coal was fed 
from a two foot diameter hopper to an eductor via a 1.5-inch diameter screw feeder. The 
pulverized coal was entrained by dense phase. transport ("1 Ib of airllb of coal) into an annular 
section and then through a swirler. The feed rate of pulverized coal was monitored by load cells. 
Slowly, the coal f ~ n g  rate was increased while reducing simultaneously the natural gas rate until 
the desired load was obtained on coal. A thermal input of approximately 1.6 MBTUh was held 
constant throughout the testing. The combustion gases, at the end of the radiant section, are split 
into two convective passes, one on each side of the radiant combustion chamber. The gases exiting 
the convective section are cooled to below 500°F in an economizer located on top of the 
combustion chamber and then pass into a baghouse. The products of combustion (02, C02, CO, 
NO, and S02) are monitored at the economizer outlet with a series of on-line gas analyzers. The 
ash samples were collected and analyzed for moisture and unburnt carbon to calculate the carbon 

- k n o u t  using the ash tracer technique as follows: 
/- 

A, (100 - Ar) 
Combustion Efficiency (%) = 

where, & = wt. percent ash in the coal, and A, = wt. percent ash in the residue 

Figure 3 shows a correlation between the Initial temperatures (from the burning profiles in 
a TGA) and the combustion efficiencies determined in the boiler. The plot shows a good 
correlation between the burning profile data and the combustion efficiencies as determined in the 
boiler. However, the flue gas oxygen levels were 5.5 and 5.9% for the Indonesian and PA coals, 
whereas for the Upper Freeport coal the boiler oxygen level was 6.5% and therefore, the 
combustion efficiency was slightly higher than expected from the interpolation. This underscores 
the importance of the operating conditions and sample characteristics. 

Two bituminous coals were fired in a 15,000 lbih industrial scale, demonstration boiler as 
micronized coals (80% passing through US standard 325 mesh instead of 80% passing 200 mesh). 
The boiler is a D-type package boiler designed for fuel oil. The boiler and auxiliaries are adapted 
with minor modifications to bum coal and coal-water slurry fuels. Details of the boiler can be 
found elsewhere (Pisupati et al., 1993). The combustion efficiency data obtained in the 
demonstration boiler is shown on Figure 3 as open diamonds. The combustion efficiency obtained 
for both coals was varying from 90 to 95% depending on the operating conditions such as excess 
air and fuel fhng rate etc. The data plotted were for the conditions when the boiler oxygen was 
3.2% and the firng rate was 14.8 MMBtu/h for both coals. The initial, peak, and the burnout 
temperatures for the Brookville bituminous coal were 310.8,492.4 and 555"C, respectively. The 
initial, peak, and the burnout temperatures for the Kentucky bituminous coal were 313.8,508.8 
and 577.5"C, respectively. Very close initial temperatures reflected in close combustion 
efficiencies in the boiler under identical conditions. This also shows that the initial temepratures 
correlate well with the combustion efficiency. This probably is due to the earlier decomposition 
and thereby causing physical and chemical structural changes of the residual char earlier and hence 
a change in the reactivity. 

Combustion Studies of blends of coals 

One of the puzzling questions has been whether the characteristic temperatures obtained 
from burning profile hold good for blends of coals. Cumming (1989) has reported that the burning 
profile of a blend of coals of different rank (bituminous and anthracite) indicates that the fuels bum 
without interaction. Similar observations were made at this laboratory with bituminous and 
anthracite blends. However, blends of bituminous and lower lank coals indicated a linear 
correlation. Aaos and Scaroni (1993) have shown that when a bituminous coal is blended with a 
subbituminous coal, the initial temperatures (IT) were proportionately lower with increasing 
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percent of a subbituminous coal. The study also showed a linear increase in the combustion 
efficiency in the DTR with the addition of the subbituminous coal. 
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Figure 3. Correlation between the Initial Temperatures and the Combustion 
.Efficiencies obtained in the 1,000 Ib/h Research Boiler and in the 
15,000 lb/h Demonstration Boiler. 

In this study, an Indonesian subbituminous coal was blended with a Pennsylvania 
bituminous coal and the burning profiles and combustion behavior was determined in the TGA and 
the Research Boiler, respectively. The burning profiles are shown in Figure 4 for the Indonesian 
coal and blends with PA coal in various proportions. It can be clearly seen that there is a clear 
progressive increase in the characteristic temperatures with the increase in the proportion of the PA 
coal. This study confirms the observations of Artos and Scaroni (1993). The difference between 
the IT and the BT for the blends is higher indicating the initial decomposition starts at a lower 
temperature corresponding that of the lower rank coal in the blend and the combustion is not 
complete until the component with lower reactivity is burned. This suggests that there possibly is 
no influence of one coal on the other in a TGA. However, since there is a good correlation between 
the initial temperature and the combustion efficiency it may be concluded that blending coal which 
decomposes at lower temperature with less reactive coal, the former influences the combustion 
behavior of the latter in a boiler with self sustaining flame. 

Figure 5 shows a correlation between the initial temperam and the combustion efficiency obtained 
in the 1,OOO lbh research boiler for the coals and coal blends. 

Summary 
Burning profiles of a suite of coals ranging from fresh coals to severely weathered coals, 

and subbituminous coals and bituminous coals were obtained. Combustion efficiencies were also 
determined in a Drop tube reactor, 1,OOO Ibh research boiler, and a 15,ooO Ibh industrial scale 
demonstration boiler. A good correlation was obtained between the initial temperahm and the 
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i 
combustion efficiency obtained under identical conditions was observed. A burning profile appears 
to be a good tool for evaluation of the relative combustion characteristics of fuels at a laboratory 
scale, when it is difficult, or there is not enough fuel, to test fm in a large installation. 
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Figure 5. Correlation Between the Initial Temperatures and the 
Combustion Efficiencies Obtained in the Research Boiler 

Because various investigators employed experimental conditions that were different from 
those originally proposed by Wagoner and Winegartner (1973), yet still obtained reproducible and 
interpretable results, it can be concluded that any laboratory using the technique of determining 
buming profiles to characterize the combustion behavior of coals can use their own reference 
standard conditions as long as all the samples (both the reference and unknown fuel) are tested 
under those standard conditions to obtain interpretable and meaningful data. However, it is not yet 
clear whether these profiles could predict the combustion efficiency of coal-water slurry fuels. The 
data generated under identical conditions may predict the combustion behavior of an unknown fuel 
under similar conditions. Those conditions may not be the optimum conditions for the fuel. 
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ABSTRACT 

Control of SO, with limestone or dolomite is state-of-the-art at the present time, but activated carbon 
in the form of low-rank coal char also has some promise. A process for production of the sorbent 
includes selection of temperature regime, pressure, activation gas, residence time, and additive. The 
effect of pressure on the behavior of sorbent during SO, removal from flue gas or during production 
of sorbent carbon is the parameter least found in the literature. Pressure thermogravimetric analysis 
(pTGA) provides a simple means of studying this effect. 

In this study, a fully calcined and a partially calcined dolomite and limestone were tested for SO, 
sorbent characteristics under pTGA at 840°C at 160 psig. The stones were characterized by capacity 
and rate of sorption of SO,. 

A leonardite was carbonized at 480°C and activated at 800T under nitrogen at ambient, 150. 300, and 
450 psig. Each char was then exposed to a flowing gas mixture containing argon and SO,. The char 
produced at lower pressures adsorbed more SO, than those produced at successively higher pressures 
as determined by TGA and confirmed by American Society for Testing and Materials (ASTM) total 
sulfur measurements. 

INTRODUCTION 

Combustion of coal provided approximately 55 76 of the available electric power in the United States 
in 1993 with the burning of approximately 814,000 tons (1) of coal. As the demand for electricity 
increases, the demand for coal will also increase, resulting in accelerated depletion of our coal 
supplies. At present, the quality of the coal mined to produce this electricity, in terms of pollutants 
such as sulfur, nitrogen, and heavy metals liberated to the environment, is relatively clean compared 
to much of the remaining minable coal reserves. Government, utilities, and researchers have been 
aware of the potential environmental consequences of burning "dirtier" coal for more than three 
decades and have been attempting to deal with the problem through application of known technology 
and development of newer, more efficient, less costly methods of emission control. Both 
precombustion and postcombustion methods have been attempted as means to remove potential 
pollutants from coal before they enter the environment. Industrially, precombustion cleaning of 
bituminous coal by physical means, e.g., float-sink, froth floatation, magnetic separation. has met with 
mild success, while cleaning by chemical means, e.g.. molten caustic leaching, has been generally 
discounted as being too costly. Similarly, physical or chemical cleaning of low-rank coal results in 
excessive cost for the product. 

For lack of economically and technically feasible precombustion cleaning methods, most environmental 
protection from the emissions from coal combustion is currently done by cleaning stack gas from the 
utility. Sorbents such as limestone (CaCO,) and dolomite (CaCO,-MgCOJ are commonly used for 
scrubbing SO, from the gas. Well-known processes such as those of Pure Air's Advanced Scrubber. 
Chiyoda's CT-121 Scrubber. S-H-U wet limestone scrubber, LIFAC sorbent injection system, 
Bechtel's Confined Zone Dispersion Process, AirPol Gas Suspension Adsorption Process, the Babcock 
ana WIICOX LIMB rrocess, and Consolidation Coal's Coolside Process all make use of limestone in 
either the raw or d c h e d  form as the sorbent for SO, emissions (2). Factors concerning the cleaning 
efficiency of the stones include partial pressure of SO,. contact time, degree of calcination, surface 
area, temperature. and surface incidence of inert material. Each of these factors can be studied using 
thermal analysis techniques. Pressure thermogravimetric analysis is particularly useful for these 
studies since it allows the determination of the effect of all of these factors. 

Similarly, preparation of sorbents such as activated carbon is affected by each of the properties above. 
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EXPERIMENTAL 

Prior to testing, the dolomite and limestone samples were crushed in a hammer mill and then further 
reduced in size on a Braun mill. The samples were reconstituted by recombining sieve fractions and 
mixing thoroughly. 

Two tests were performed on each of the two CaC0,-based samples using the pressure 
thermogravimetric analyzer (pTGA). The test methods used to determine SO, uptake from a mixed 
gas stream by each sample were as follows: 

The samples were crushed in mortar and pestle to pass 20-mesh screen (0.84 mm = 840 pm). The 
samples were classified into four size fractions by sieving. Class sizes were 250-840 pm, 
150-250 pm, 75-150 pm and < 75 pm. To obtain test results which would represent sorption results 
characteristic of the bulk material. size fractions were recombined prior to pTGA testing. 

Method. Approximately 20 mg of crushed reconstituted sample was loaded onto the sample pan of 
an SRE 1990/600 pTGA. The cover was replaced, and the sample chamber was pressurized to 
160 psig with N, and the gas flow adjusted to nominally 100 mUmin. Heatup was approximately 
1oO"clmin to M O T ,  and the sample was calcined at that temperature for up to 150 minutes. Nitrogen 
flow was then replaced by a synthetic sulfated combustion gas m i x m  containing 13% CO,, 3.5% 02. 
and 0.25% SO, (balance N,), and flow was continued for at least 60 minutes. The tests were 
terminated and the system cooled down under flowing N,. 

Method. Approximately 20 mg of crushed reconstitutkd sample was loaded onto the sample pan of 
the SRE 1990/600 pTGA. The cover was replaced, and the sample chamber was pressurized to 160 
psig with a gas mixture containing 13% CO, and 3.5% 0, (balance N3 and the gas flow adjusted to 
nominally 100 mUmin. Heatup was approximately 1oO"clmin to W C ,  and the sample was held at 
that temperature for up to 90 minutes (for halfcalcination). The synthetic sulfated combustion gas 
mixture containing 13% CO,, 3.5% 0,. and 0.25% S q  (balance N,) was then introduced. and the 
tests were completed as in Method 1. 

The effect of pressure on the sorption capacity of activated char prepared from a North Dakota 
leonardite was studied. The sample was carbonized at 480°C under N, at each of four pressures: 
450 psig, 300 psig, 150 psig, and ambient pressure. Each sample was activated under N, at 800°C at 
its respective pressure. The resulting activated char was tested for SO, adsorption capacity. Each 
sample analyzed for SO, capacity was then analyzed for total sulfur content. 

RESULTS AND DISCUSSION 

The results of sieving the crushed dolomite and limestone samples are shown in Table 1. Over 75% 
of the limestone consisted of particles less than 75 microns in size compared with -57% of the 
dolomite under the same crushing conditions. 

From the results of the sieve fractions, it can be assumed that the limestone would have greater surface 
area, although not measured in this study, than that of the dolomite since it has a much larger fines 
fraction. Therefore, the former should have the greater capacity for SO, adsorption than the latter. 
However, from the results of SO, uptake in Table 2. it appears that that is not me. In addition, the 
rate of uptake of SO, should also be more rapid on that with the larger surface area, but instead the 
rates are nearly the same for the fully calcined samples and are identical for the halfcalcined samples. 
If the difference between rates and capacities of the two samples were consistent, differential 
decrepitation of the materials might explain the apparent contradiction. However, this does not appear 
to be the case since the rates of uptake are the same while the capacities differ. The presence of the 
MgCO, in the dolomite may be the best explanation for the higher sorptive capacity of the dolomite. 
Assuming limestone to be CaCO, and dolomite to be CaC0,-MgCO,, there are more metal ions per 
unit mass in uuiuiiilc UIUI III rriicoiurre iesulting in the potential for more available SO, receptor sites. 
The presence of the MgCO, may catalyze the calcination and thus activ2ts the surface more effectively. 
Additional data are needed to c o n f i i  this as a reason for the observed difference in SO, sorption 
between the dolomite and the limestone samples. 

The SO, adsorbed on the activated char shown in Table 3 indicates that preparation of activated char 
from leonardite under pressure results in decreased activity toward SO,. This is supported by the total 
sulfur measurements made on the residual activated char after it has adsorbed the SO,. The decrease 
in SO, adsorption results from the loss of active sites on the char. The apparent pressure dependence 
may be due to heavy tar formation at the openings of pores resulting in a loss in total surface area and. 
consequently, the loss of active sites for SO, sorption. 
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CONCLUSIONS \ 

Dolomite 

Particle Size, p n  

250-840 150-250 125-150 75-125 < 75 

0.1 0.7 10.3 31.4 56.8 

I Limestone I 0.1 I 0.4 I 3.3 I 19.5 I 75.5 I 

Abbr. 

Ads. Ads. Ads. SO, Ads. Ads. 
Calcination Total CO, so, C0,Eq. so, 

Wt % wt% wt% wt% wt% %/min. 

I Lime I -32.6 I 39.5 I 31.0 I 8.5 I 8.0 I 0.19 I 
Dolo. I -40.9 34.4 20.4 I 14.0 I 15.0 I 0.22 

Dolo. 

Lime 

-8.3 11.6 -- 11.6 14.2 0.16 

2.2 10.5 - 10.5 10.3 0.16 

I 
~ ~~~ 

I Ambient I 8.7 I 6.0 

pTGA. psig 

450 
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SO, Adsorbed on Total S in Spent Char, 
Activated Char. wt% wt% 

7.4 4.x 

300 7.3 4.7 

150 8. I 5.2 



RATES OF PYROLYSIS AND COMBUSTION OF BARK 
BY THERMOGRAVIMETFUC ANALYSIS 

Wei-Yin Chen 
Department of Chemical Engineering, Anderson Hall 

University of Mississippi, University, MS 38677 

Wood supplies approximately 3 percent of the U S .  energy consumption (Schreuder and 
Tillman, 1980). Bark represents about 10-15% of the weight ofthe trunk cut in the forest. Wood 
combustion phenomena has been extensively reviewed (e.g., Tillman et al., 1981). Recent 
technological development is reflected in an article by Barsin et ul. (1988), and a report published by 
the Electric Power Research Institute (Johnston e l  ul., 1993). Fundamental understanding of wood 
pyrolysis has also grown substantially in the last two decades. Shafizadeh (1982) reviewed the wood 
pyrolysis and combustion kinetics based on weight loss profiles. About the same time, Hajaligol et 
al. (1982) reported the kinetics of the individual product species for rapid pyrolysis of cellulose. 
Borosonet ul. (1989) observed that heterogeneous cracking of wood pyrolysis tars takes place over 
flesh wood char surface. Pyrolysis kinetics of different lignocellulosic materials have been 
investigated by Bilbao et a/. (1989, 1990). Heat and mass transfer limitations are inevitable during 
burning of large particles, and have been the target of a number of modeling efforts (e.g., Kanury, 
1972; Maa and Bailie, 1973; Chan etal., 1985; Ragland etal., 1988; Bilbao etal., 1993). 

Due to its lower physical strength and less uniform structure than interior wood, bark is 
usually burned along with wood waste as a &el, particularly by sawmills and pulp mills. Bark has the 
heating value of 8,000 to 10,000 Btdlb, which is higher than that of wood (Wegner, 1991). The 
objective of this paper is to experimentally acquire information about the bark kinetics during 
pyrolysis and combustion conditions. A kinetic model is also developed for the comparison. 

EXPERIMENTAL 
Since weight loss is used as a measure of bark conversion in the present study, the design of 

experiments has some salient features of a thermal balance, Figure 1. The center piece of the reactor 
is a cylindrical sample basket of dimension 1 in x 2 in length, which is made of 40 mesh stainless steel 
screen. The reactor vessel is an alumina tube with inside diameter of2.5 in, which is heated to the 
desired temperature by a Themcraft furnace model 23-18-1ZH with dimensions 3 in x 18 in long. 
The reactor is equipped with a distributor at about 6 in from the bottom end of the furnace, and a 
fluidized sand bed serving as a heat source of the gas stream. 

Samples of pine bark, cut into lOmm spheres, were dried at 105°C for 24 hours before the 
experiment. Nitrogen and air were used as the fluidizing gas during pyrolysis and combustion, 
respectively. To begin a run, the sample basket containing a single particle of bark is lowering into 
the preheated fluidized sand bed. After a predetermined period of time, the basket was raised to a 
water-jacketed, reversed-nitrogen flow section for rapid quenching. Sample weight before and after 
the experiment were recorded. The ultimate analysis of the bark sample is shown in Table 1. 

Experiments were conducted at sand temperatures 750, 800 and 850°C for pyrolysis; and 500, 
600,700 and 800°C for combustion. To achieve these temperatures, the furnace was set 90°C higher 
than the desired sand temperature. The gas flowrate, 15,000 d m i n ,  was chosen to ensure that it was 
three times higher than the theoretical air required at highest burning rate. 

KINETIC MODEL 

pyrolysis, char combustion, and heat transfer, 
The bark combustion model under consideration contains three major components: bark 

During pyrolysis, the organic portion of the bark converts to volatiles and solid char, i.e., 
Bark . heat - Volafiles . Char 

( W  (1-v) 

Here, the fiaction ofweight loss, V, is used as an index of bark conversion. The volatile compounds 
include the gaseous species and tarry species disengaged fiom the char. Similar to a number of coal 
pyrolysis studies ( e g ,  Howard, 1981), bark pyrolysis is treated as a first order reaction in the 
following form * - ki(V_.V) . (2) 

dt 

where V. is the final volatile yield as time approaches infinity. The pyrolysis rate constant k, is 
assumed to  follow the Arrhenius law 
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where T, is particle temperature, and E, is the pyrolysis activation energy. 
S i  to coal pyolysis Woward, 1988), we observed temperature dependence of V, during 

regression. N i  (1988) proposed that phase equilibrium determines partitioning of tar in the gas 
and condensed phase, and the final volatile yield in the gas phase, V., depends on temperature as 
follows: 

ES -- 
VAT,) - v,,e rp (4) 

where VI, and E, are adjustable parameters. 

weight loss 
In the presence of oxygen, oxidation of the organics in the char contributes to additional 

Char. 0, - CO, . H,O 
(w) 

( 5 )  

Assuming char combustion is fmt order with respect to oxygen concentration and the weight of char, 
we obtain 

dW - -k,(V,-V) - k;W(02)  
df 

Since oxygem was continuously fed into the combustor at a rate four times that required for burning 
the volatile carbon, oxygen concentration is assumed to be constant during the combustion. Thus, 
we can combine k,' and the oxygen concentration as a new constant k, and Eq. 6 becomes 

dW. -k,(V_-V) - &w 
df 

Assuming that the combustion rate constant, k,, follows the Arrhenius law, 

(7) 

Mass transfer limitations, such as oxygen diffusion into the char, are usually involved in 
combustion of particles of 1 cm in diameter, thus the rate measured based on Eqs. 7 and 8 should be 
considered effective or global reaction rate (Carbeny, 1976). 

Combustion ofvolatiles generated in bark pyrolysis will also take place outside bark particles 
at the same time, 

Volatiles . 0, - H,O . CO, (9) 

However, since this reaction does not contribute to the weight loss and it is not included in the 
present model. 

Weight loss measurements indicate that devolatilization of bark particles takes place almost 
instantaneously at 800°C. However, at 500°C, devolatilization does not start until at about 20 s. 
These observations imply that heat transfer is a limiting factor in the range of our investigation, and 
an equationgoverning the temperature variation of the particle is required. Based on the published 
value of thermal conductivity of cellulosic materials, 0.12 W.m.'.R1 (Reed, 1983), the estimated 
Nusselt number of heat transfer for a bark particle gives values in the range 0.8 to 1.8. Since this is 
not a large number, we assume that the temperature is uniform inside a bark particle during pyrolysis 
and combustion. It should be mentioned that there is evidently a radial temperature profile and 
diffusion limitations ofvolatiles inside the wood particles with diameter 56 mm (Bilbao et al., 1993). 
Energy balance yields 

dT 
p " ' d t  V C -.e - A h ( T - T ,  . EAIJ(T:-T;) . AHprpWPo1 AHor,,W,o (10) 

Equation 10 states that temperature rise of a bark particle is governed by convective heat transfer, 
radiative heat transfer, heat of pyrolysis, and heat of combustion. We assume that the heat of 
volatiles combustion is carried away by gas, and is not included in this equation. Our calculation 
reveals that convection contributes to less than 20% of radiative heat transfer. Furthermore, 
experiments indicate that char combustion is much slower than pyrolysis, and char combustion does 
not contribute sigruficant weight loss and temperature rise during the heat-up period. Thus, the first 
and the fourth terms on the right hand side of Eq. 10 are eliminated in the regression process, i.e., 
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d T  
p p p d t  

p v c s - E A O ( T : - T ~ .  wPrpwN 

Again, due to the fact that significant char combustion does not take place during the heat-up 
period, the bark particle external surface area, A, in Eq. 11 is assumed to be a constant during the 
combustion process, The published value for heat capacity of bark, C,, is 0.327dg."C (Reed, 
1983), and the nominal density of bark particle, pp, was experimentally determined, 0.42kp/dm3. 

The model discussed above has three dynamic equations, Eqs. 2, 7 and 11. Equations 3, 4 
and 8 are also required for the integration ofthe three dynamic equations. The seven parameters, k,,, 
E,, k- VI, E, and A 5  are recovered from regression through comparison of the model with the 
data obtained fiom pyrolysis and combustion experiments. The optimization has been achieved by 
resorting to BCONF/DBCONF, a subroutine in the International Mathematical and Statistical Library 
which minimizes a multi-variable function subject to bounds on the variables using a quasi-Newton 
method and a finite-difference gradient. The integration of the large sets of differential equations has 
been wried out on a Cray X-MF'2/216 supercomputer with LSODE, a software package based on 
Gear's method for solving stiff differential equations (Hindmarsh, 1982). 

RESULTS AND DISCUSSION 
The optimization procedure resulted in the following values of the seven system parameters: 
k,, = 1,557 s" 
k, = 0.295 s.' 
VI, = 0.862 
A 5  = 434 J/g of dry bark 
The value of final volatile yield, VI,, is in good accord with the reported volatile matter for 

cedar bark, 0.869, moisture and ash free basis (Tillman et a/., 1981). The heat of pyrolysis, A%, is 
somewhat higher than that reported for cellulose, 274 J/g (Bilbao et al., 1993), and that for 
cottonwood, 268 J/g (pan, 1993). This discrepancy may be caused by the high heating rate, or the 
assumptions used in the present study. It has been demonstrated that high temperatures favor 
decomposition to volatiles, which require heat, while low temperatures favor char formation, which 
release heat (Shafizadeh and DeGroot, 1976). Bilbao et a/. and Pan obtained their values through 
DSC analysis with a heating rate below 20 "C/min, and the heating rate in the present study is above 
400"C/min. The activation energy of bark pyrolysis is consistent with those found by other 
researchers: 24,208 J/mol between 290 and 400°C (Bilbao ef a/., 1993) and 52,900 J/mol above 
325°C for pine wood (Bilbao et al., 1991). 

The experimental data in general are in good accord with the predictions of the model. Only 
part of our results are presented below. Figures 2 presents the comparisons of pyrolysis and 
combustion results from experiments at the sand temperatures 800°C. The predicted temperature 
profiles of bark particle during heating are also included in this Figure. Slower rise in temperature 
between 170 to  230°C indicates endothermic reaction of pyrolysis in this temperature range, which 
is somewhat narrower than that reported by Wegner, 100 to 450°C (1991). Note that char 
combustion does not contribute significant weight loss in the first 20s, while pyrolysis is essentially 
complete during this time. This observation is consistent with the assumption that heat of combustion 
of char does not play an important role during the heat-up period. 

Figures 3 demonstrates the weight loss profiles during combustion at 600°C sand temperature. 
The data generally conform well with the model predictions. However, at SOOT, the pyrolysis is 
slower in the experiment than predicted by the model. This illustrates the limitations of the present 
phenomenological model. Bark is a complex material and its decomposition products contain 
numerous compounds, while the present model uses weight loss as an index of reaction conversion. 
The assumptions associated with heat transfer can also cause discrepancies. Furthermore, from 
thermodynamic principles and collision theory, both the frequency factor and the activation energy 
can be functions of temperature (Zellner, 1984). 

Fragmentation of bark particles and volatiles ignition during combustion may be important 
to the future developments of phenomenological model. We observed fragmentation of bark particles 
at temperatures 600°C and above. Each bark particle breaks into 2 to 6 pieces along its geological 
planes after 15 to 25 seconds in the furnace, and higher temperatures cause more vigorous 
hgmentation. Fragmentation results in increase in larger surface areas and therefore reduced transfer 
limitations. Furnace temperature also affects ignition ofvolatiles. At 800 and 7OO0C, flame starts at 
about 2 s after the bark particle is lowered into the furnace. At 6OO0C, flame was observed at about 
5s. At 5OO0C, ignition was delayed to 19s. 

CONCLUSIONS 
Bark fiom pine has been investigated in both pyrolysis and combustion environments. The 

experimental data are in good accord with a kinetic model which includes three dynamic equations: 
bark pyrolysis, char combustion, and heat transfer to the bark particle. Three of the seven 
parameters, final volatile yield, heat of pyrolysis, and activation energy of bark pyrolysis, are in good 
agreement with published values for similar species. These results suggest that the model is capable 

E, = 37,333 J/mol 
E, = 22,028 J/mol 
E, = 228 K 
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of depicting the weight loss profiles in a furnace with a temperature in the range 500 to 850 'C. 
Experiments also reveal that volatiles evolution and char combustion take place during two 

different periods of time during the thermal process. Furthermore, fragmentation of bark particles 
was also observed at temperatures above 600°C. 
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TABLE 1 .  Ultimate Analysis of Bark (Report by Huffman Laboratory) 
dry-loss, Yo 4.92 
ash, YO 4.08 
carbon, % 51.20 
hydrogen, YO 5.66 
oxygen, YO 40.67 
nitrogen, % 0.21 
sulphur, % 0.02 
The sample was ground prior to analysis. Moisture was determined by loss on drying in air 

at 105°C to a constant weight and is on an as received basis. All other results are on a dried sample 
basis by weight. 
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Figure 1 .  Experimental apparatus 

f 

m 
E 0.4 

20 40 60 80 100 120 
Time. (I 

A combustion 0 pyrolysis 

Figure 2. Experimentally observed and model predicted weight loss of bark during 
pyralysis at 800°C sand temperature. Predicted bark particle temperature is also 
shown. 
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Figure 3.  Experimentally observed and model predicted weight loss of bark during 
combustion at 600°C wall temperature. Predicted bark particle temperature is 
also shown. 
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INTRODUCTION 

\ 
I, 

METHOD OF SMOOTHING AND DIFFERENTIATION 
The General Problem. The random errors which, regardless of their source, are 

characterized as noise are always present in the TGA measurements. This background noise 
reduces signal-to-noise ratio, resulting in decreasing sensitivity. This is particularly true 
when the DTG is the objective result of a TG scan. Figures 1 and 2 show the DTG plots 
for TG scans run at a very low heating rate (1"Chin) and a very slow DTG decay, 
respectively. These DTG plots were obtained from numerical differentiation of the original 
TG data. As shown in Figures 1 and 2, it is necessary for the investigator to remove the 
noise as much as possible without, at the same time, distorting the experimental data, 
especially for those processes where small changes in mass occur. Smoothing and filtering 
of these thermogravimetric data to obtain the noise-free differentiation (DTG curve), 
therefore, are required in the TGA applications. 

The Characteristics of the TG Data (time vs. mass). A TG curve of the Illinois #6 
coal at a heating rate of 1 W m i n  in 100 cm'(STP)/min nitrogen is shown in Figure 3. 
Thirty one data points of (t,w) taken from Figure 3 are plotted in Figure 4. The plot shows 
a very good linearity between the mass and time. In general, this is always true for a certain 
short time interval of a TG scan. It is this characteristic that is used to develop a method 
for smoothing and differentiation of the TG data. 

Smoothing and Differentiation by Linear Regression and Error Analysis. One of the 
simplest ways to smooth fluctuating data is by a n-point (n=2k+l;  k=1,2,3, ... )moving 
average procedure. In this method, a fixed odd number (2k+l) of data points are taken to 
obtain the average for the .center point, (k+ 1)th point, of the group. To move on, the first 
point in the group is dropped, the next point at the end of the group added, and the process 
is repeated. In statistics, noises in the data file are not filtered by this simple average 
procedure. 
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+ 
Consider a group of n (for example, n = 11) points of (t, m) taken from a TG file 

and plotted in Figure 5. Based on the characteristics of the TG data discussed in the / 

m = a + b x t  (1) 1 1  

previous section, a linear regression can be performed in this group by 

and represented by the solid line in Figure 5. The obtained linear regression parameters 
(i.e.,a and b) can be used to estimate the rn (mass) at each t (time) in the group. The 
errors (e) between the linear regression (n&,(i)) and experimental data (mexp,(i)) in the 
group are defined as 

The statistical parameters of the errors for this group, e.g. mean (emcan) and standard 
derivation (e,) of the errors, are calculated by: 

i-n 

C e(O 
(e.g. n = 11) i-1 e- = - 

n 
(3) 

To eliminate the noise from this group, standard deviation of the errors can be used as a 
criterion to define the filter range. This is plotted as dashed-lines in Figure 5 .  In detail, if 
the experimental data point locates outside the filter range, Le. ei > elad. it is considered as 
a noise in the group. To filter this noisy point, it is replaced by an estimated value of qa, ,( i)  
using the linear regression. This filter procedure can be used on each point in the group 
and a new data set can be formed. This new data set is plotted in Figure 6. The points 
with "x"in Figure 6 represent the filtered data. Linear regression can be again carried out 
in this new data group, followed with upgraded error analysis and filtering process. The 
linear regression, error analysis and the filter procedure are repeated until the standard 
deviation of the errors is below a predetermined value of ertd, o _  In this study, a relative 
standard deviation of the errors, restd. rather than estd, has been used for evaluating the 
calculations. This relative standard deviation of the errors is defined as ertd times the 
absolute value of the slope (DTG) of the linear regression, i.e., 

red = abs(b) x ed (4) 

This relative standard deviation of the errors used as a criterion to evaluate calculations can 
insure the precision of very slow process (i.e.,very low DTG scan). It has been found that 
resld,o set at gives very satisfactory results. The final regression results are used to 
estimate the smoothed mass and differentiation for the center point of tct+,,, i t . ,  

m,,, = a + b x r,,, (5) 

Since the standard deviation of the errors constantly decreases with iterations, the 
computation method used in the program promises auto-convergence. 

For a TG analysis, the n-point smoothing, fiitering and differentiation routine has 
been moved in the data file similarly as the moving average method which has been 
described earlier. A scheme of the computation routine is illustrated in Figure 7. For the 
"end-points'' (Le., either the initial or the final k points in the data file), a different method 
has to be used to evaluate them. One of the simplest ways to handle this "end-points'' 
problem is to throw them away, since these end-points usually are not important or not of 
interest. In this study, the end-points have been simply assigned by their original values. 
If the "end-points'' become important, a much more sophisticated method developed by 
Leach et al. (10) could be used. 

APPLICATIONS 
SimDis TGA. A SimDis TGA method for determining the boiling point distribution 

of liquid fuels is reported elsewhere (8). Original DTG plot for a petroleum sample,light 
paraffinic vacuum distillate,is shown in Figure 2. To transfer the DTG decay into boiling 
point distribution, it is necessary to smooth the noisy DTG data. The results of n = 0- ( i t . ,  
original), 3-, 5-, 7-, 9-, and 11-point smoothing and filtering are illustrated in Figure 8. The 
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more the data points used for smoothing and filtering, the smoother the DTG curve. 
However, at the same time, the more CPU or the longer computing time are required. 
More importantly, a large data number n used in smoothing increases the risk of distorting 
the experimental data. Eleven-point smoothing and filtering has been found to give the 
optimized results for the cases studied thus far. Figures 9a and 9b show the comparison plot 
(i.e.,a plot including both smoothed results and original experimental data) and 11-point 
smoothing plot, respectively. The results indicate the smoothing and filtering method used 

TG scan on the Argonne 
Premium Illinois #6 bituminous coal, which was dried in a vacuum oven with a nitrogen 
purge at 105 "Cfor 48 hours before use, is shown in Figure 10. The two phases, Le., 1) the 
heating rate to 950°C in nitrogen and hold for 7 min; and 2) the oxidation at 950°C 
provided measures of VM, FC, and Ash, respectively. The differential of the weight loss 
(DTG) curve highlights the various TG processes more clearly. This becomes even more 
distinct and complex if the heating rate is slowed down to about 1 " C h i n  (2). However, 
the original DTG plot for this low heating rate shown in Figure 1 is so noisy that the 
processes involved in the TG scan could not be distinguished. The comparison plot and the 
11-point smoothing results for this low heating rate scan are shown in Figures l l a  and l l b ,  
respectively. The processes involved in the TG pyrolysis of the coal at this low heating rate, 
as shown in Figure l l b ,  are very clearly distinguished. The low temperature peak 
represents the loss of residual moisture beIow 200 "C. The main Volatile Matter peak starts 
at 350-400 "Cand actually consists of three or perhaps four individual weight loss processes. 
The large peak is broad and probably consists of a number of pyrolysis processes. The well 
defined peak at 571 "Cis tentatively identified as due to pyrite decomposition to pyrrhotite 
and sulfur because this peak is absent in coals containing little or no pyrite. Also, the 
decomposition temperature corresponds closely to that reported for pyrite (16). Two other 
small peaks are not yet identified but are fairly broad. They disappear gradually during coal 
liquefaction (5). 

With this smoothing and filtered method, the sole function ofthe computation is to 
act as a filter to smooth the noise fluctuations and hopefully to introduce no distortions into 
the experimental data. The problem of distortion is quite difficult to assess. In Figures 1 
and 2, there are small fluctuations in the raw data. Are these fluctuations real, or, as is 
more likely, are they just noise? The question can not be simply answered by taking just 
the data from a single run. However, if two or three runs were taken, they gave the same 
results or, more characteristically, in same patterns. These indicated that the fluctuations 
are due to the noise, since the random errors will not recur in the same place in 
different runs. The results of duplicate tests on all samples inspected in this study suggest 
that the fluctuations are truly due to noise. 

CONCLUSION 
For a certain short interval of a TG scan, the correlation between the mass and time 

is linear. A smoothing and filtering routine based on the use of linear regression and error 
analysis has been developed and successfully applied in the thermogravimetric data 
processing. This method provides a filter to smooth the noise fluctuations and, at the same 
time, to introduce no distortions into the TGA experimental data. The computer program 
required is quite simple and effective. The method used in the program promises auto- 
convergence. 
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muping n (n=Zk+I) data points 
using thc moving method 

I 
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Estimating m using the 
lincar regression equation 

- ormation of a filtered data group 
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I Using thc estimated values I -+ e(i) < e,, 

Figure 7 Flow-sheet of the n-point smoothing and filtering procedure 

Figure 8 The results of n = 0-, 3-, 5-. 7-, 9-. 11-point smoothing and filtering 
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Figure 9 Visualization of n-point smoothing and filtering of the DTG at vely slow heating rate shown in Figure 
1: a). comparison plot; b). 11-point smoothing and filtering plot 

Figure IO A TG scan of Illinois #6 coal at IO Clmin 
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Figure 11 Visualization of n-point smoothing and filtering of the DTG decay shown in Figure 2: a). comparison 
plot; b). 11-point smoothing and filtering plot 
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For many yem investigations into the thermal and moisture storage properties of materials undergoing 
reversible phase changes in the temperature range of interest for that particular application have been conducted. 
The prototypical material is, of course, water at O°C or 100°C. The interest in these materials has arisen 
largely from the need to conserve fossil fuels and cut energy CON. Both reasons are still valid. (1-2) 

These materials have been called phase change materials, (T'CM's), Energy Storage Materials (ESMs) or 
enthalpy storage materials in the literature, and these terms are used interchangeably for the most part. They 
have been incorporated into a wide variety of components used in construction and fabrication of everything 
from buildings to packaging materials to space suits. 

Interat has Wisted in phase change materials for thermal storage since the late 1940's largely due to the 
pioneering studies of M. Telkes using Glauber's Salt. (3,4) These studies set the tone and pith for work to 
follow even through thermal storage using this salt was never widely commercially successful. The primary 
disadvantage of Glauber's Salt is phae segregation upon melting. Work prior to the latest ESM materials was 
reviewed by Lane in 1987. (5) The early work concentrated heavily on melting of salt hydrates and gave quite 
mixed results. Non-segregating hydrates (those with congruent melting) such as 
MgCI,. 6H20 at 117O gave the best results, but are not always available for the temperature range of interest. 
Table 1 shows a selection of these types of materials which have been used commercially and their temperatures 
of transition. 

One of the most novel approaches developed aras to use the solidaolid transition in polyalcohols the 
temperature of which can be somewhat adjusted by blending. These materials indude pentaerythritol and 
neopentyl glycol (67). These transitions have been studied from 25" to 140OC. The lower temperature uses 
have not proven very useful as yet in any actual application. 

Our area of primary interest, of course, has been in the application of phase change materials for 
thermal storage. PCMs have been used supplementally in both passive heating and cooling applications. These 
PCMs incorporated into construction materials can function to limit the temperature variation in a commercial 
or residential structure over a twenty four hour cyde by releasing heat during cooler periods and absorbing h a t  
during warmer periods. Energy savings of 30 . 70% have been projected and up to 90% of annual sensible 
cooling could be shifted to off-peak horn. Further, coupling enthalpy storage with moisture storage has been 
shown to control humidity as well. 

Lane has listed some of the following properties for phase change materials. (5) This list was modified 
by Babich and Hwang and is shown in Table 2. ( 8-9) 

How the importance of the properties on this l i  are weighted depends entirely on the application 
intended. The optimum set of properties can he determined for each situation. The choice may be economicr 
driven in one case or application driven in another. It is for this reason that we strongly feel no one material is 
likely to solve every problem. Instead a range of good phase change candidates must be available to fit the very 
many possible uses for these materials. - 

These ESM materials have been d u a t e d  by a wide variety of methods, but the most succssfully used 
thus far is differential scanning calorimetry (DSC). This method works well for both neat and &orbed 
materials and for both heating and coating cydes. It has also been succasfully demonstrated that the small 
sample size used in these studies gives totally reproducible results in large scale tests. (9) An a c t d  DSC curve for 
undecylenic acid is shown in Figure 1. 

From these curves one may readily obtain the heat of fusion or freezing and also the range of melting 
or freezing. Supercooling, if present, is obvious in these studies and the shape (width) of the tmsition is asily 
seen. These factors make this technique the method of choice. Differential Thermal Analysis (DTA) has also 
been used is some of the earlier work with some success. A d  bulk studies have been wried out utilizing 
structures ranging from pvrive test boxes to full scale room testing. These investigations have been dercrihed in 
detail in other work (10) In tau conducted at the Florida Solar Energy Center (FSEC) it has h e n  shown 
conclusively that bulk tests agree very nicely with DSC studies conducted by Babich et al. (11) 

zhds ^. . 
PCMs have now been developed which can he added to building materials e.g. wallboard, and which 

will contribute significantly to reduction of heating and cooling CON. There are three schools of thought with 
overlapping dws of compounds which presently represent the main efforts in low temperature t h e d  storage 
via energy storage materials. These areas can be subdivided by the approaches followed into the M of fatty 
acids and specifidy blended mixtures thereof pioneered by Shapiro and coworken, the long chain hydrocubom 
developed by Salyer and coworkers and the more broad based search for new materials or the coating of older 
ones for specific uses by Babich n al. 

Low meltiig fatry acids and blends of fatty acids have been considered as PCM's for several years. They 
have good properties in many respects. They are low-volatility, high boiling, low melting, organic materials 
which are readily imbibed by construction materials l i e  m s u m  wallboard. Further. manv orvnoles like . I - r  -- -- 
coconut oil are very incrpe&ive making them very attncti&'as PCM's. R a M h  by Shapiro and others hu 
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been largely driven by economic c ~ r d x s i c s :  as well as propenies (12-14). Some of the fatty acids and fatty 
acid mixtures studied early on are shown along with their thermal characteris& ii. :-’.!e 3. Many of these 
mixtures are commercially adable .  

These materials are imbibed well into wallboard at very easily reproduced rates and with r d y  
measured maws as shown in Figure 2. Funher, they tend to be reasonably chemically stable and remain 
strongly absorbed indefintcly through many thermal cydes. They have normally been studied in the range of 
2030% absorption by mass. For these materials supercooling is not a problem at the rate of temperature change 
in n o d  strnctures. Actual room size structures using wallboard imbibed with fatty acid have been constructed 
and function well thermally. 

The real dmwbacks to the use there materials lay in two main areas. First they are asthetically 
unappealing. They have odors which were not very evident in lab sale  testing but become very strong in large 
d e  testing preduding their use in many structures. They also discolor the wallboard slightly which can be 
ovemmc by painting. They contribute both to flame spread and smoke production in flammability tests as 
shown in Tables 3. (15.16) It has been stated that fatty acids may exhibit corrosivity in some applications though 
this has not been conclusively demonstrated, and also that they may promote mold growth. 

Low melting long chain hydrocarbons (sometimes called hydrocarbon waxes) have also been effectively 
u t i l i  as PCM’s absorbed into dboard(l7-19). They, like the fatty acids, also have good properties in 
several respects. These are also low volatility, high boiling, low melting organic materials which can he imbibed 
effectively by wallboard. A group of these materials studied and their thermal characteristics are shown in 
Table 5. Some of these are also available at very low cost. Witco Chemical Company for example can provide a 
predominantly n-octcdecane (K-18) at -$0.50Ab/as apposed to 99% pure n-octedcune at -$lO.W/lh. These 
hydrocarbons have also been effectively encapsulated and pelletized. (19) 

These are used at approximately the same loading, 20.30% by mass, as the fatty acids and mixtures. The 
thermal characterisria are similar. These materials are chemically quite stable though some breakdown over 
mended times has been noticed. (20). Supercooling is also no problem in these materials at normal ambient 
thermal cycling rates. 

Drawbacks, however, in these materials are quite similar to some of the fatty acids. The chief problem 
is once again flammability and smoke production. Again epoxy coatings can be effective reducing flammability 
in some cues to that of untreated wallboard. These PCMs do not suppon mold growth. 

Bahich et. al. have taken the approach of ESMs tailored to specific purposes and/or controlling the 
disadvantages of materials discussed in sections 1 and 2. (8,9,11,20) Mvly materials have been studied including 
inorganic materials and silicone waxes some of which show great promise. Work in the area of new materials is 
in its infancy and is just beginning to yield good results. Further coupling of PCMs with moisture storage 
coatings may be of even greater utility. (21) These workers have reexamined w e d  organic PCMs and 
investigated several new ones as shown in Table 5. Many of these, a p e c d y  haudecane, Idodecanol and allyl 
palmitate work exceeding well. (9) Unfortunately, allyl palmitate is too expensive for routine commercial use 
unless a newer, less expensive source can be found. 

Babich et al have also dearly demonstrated and discussed at length the effectiveness of coatings of epoxy 
paints with aluminum and magnesium hydroxides for control of flammability. (U,23) Rate of flame spread, rate 
of heat release and onset of smoke production have been greatly retarded. In many cases the treated material is as 
good as untreated wallboard. ASTM and N B S  approved tew have been used and mmple results are shown in 
Table 4 and Figure 3. In this figure the amount of control the coating yields is most obvious. The incremental 
cost increase for this method is very small as most commercial wallboard will have to be painted anyway. These 
coatings could he applied as the primer by wallboard manufacturen or in the structure after construction. 
Additionally this method may be successfully coupled with any of the materials discussed previously. 
Also a method has been developed with tremendous potential to couple ESMs with moisture storage systems. 
(21.24) This approach, if further developed, could lead to new combinations of materials which will accomplish 
thermal storage with humidity control and be fire retardant as well. New congruent melting, salt hydrates are 
also currently under investigation both for ESM use and in coatings combining moisture exchange with ESM 
propenies. Other dessicant materials are also being tested for use in coatings. 

sumavy 
Tremendous potential exists in the area of ESM’s for energy storage and in the area of moisture storage 

materials coupled with the ESMs. The dficacy of ESM materials for energy storage has dearly been 
demonstrated as has the utility of moisture storage agents for humidity control. The effectiveness of coatings in 
reduction of rate of flame spread, onset of smoke production and rate of heat release is indisputihle. DSC is 
dearly the method of choice for preliminary studies of these systems 
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EM625 COCO~UI Acid 25.0 107.1 15.8 110.1 
EM626 Coconut Acid 25.4 119.1 17.6 119.6 
EM627 Coconut Acid 30.0 117.2 28.2 147.1 
EM659 Capric Acid 28.8 147.4 23.2 140.7 
EM651 Lauric Acid 42.0 132.9 37.9 134.5 
EM Melhylpalmitate 28.6 104.3 20.0 94.1 
EK Capric Acid 31.0 126.6 27.1 125.8 
EK Lauric Acid 42.5 126.8 38.1 131.5 
EK Melhylpalmitate 28.8 183.2 23.3 160.9 
EK Melhylslearale 37.0 160.7 322 159.5 
SG Undecylenic Acid 24.4 143.5 19.4 144.2 
CaprlC Add 1 Laurlc Add Ratlo 

110 28.8 147.4 232 140.7 
91 1 25.6 71.7 18.2 38.1 
713 17.7 60.2 13.1 51:l 
515 19.7 55.5 15.5 40.8 
3n 20.5 123.8 26.9 62.8 
119 37.4 1257 33.4 116.9 
01 1 42.0 132.9 37.9 134.5 

- 
J.1 
1.4 
0.8 
U.9 
2.1 
0.1 
0 4  

9l IJ8.6 8.9 195 71.1 
19.J 11.1 0 8 1J.4 0 8  
16.1 181 0.1 17.8 0.7 
241.1 JOJI 0.6 J Q J I  8.1 
101.6 190.) 4.5 117.8 1.0 
16.0 M).J J.7 197.6 7.3 
15.1 18.0 4.4 M5 7 2  

.....I ..... 

1.9) 2.7 
6.1 49 2 
6.1 J5.7 
I J  I 61.1 
12.6 70.4 
10.5 M1.10 
U.9 702 

S2 1 27.7 zl7.8 4% 8 1I.J 419.7 7.8 I3 2 19 7 
S2F 3 U.9 7.19.J 464.2 11.3 161.7 7.3 IO 62 
S I E m n  3 5 4  2 6 1  I2J  12 1861 8 1  9 8  J86 

1 1.3 14.9 176.8 29 4sO; 7 2 10 9 6J.4 
S l h l ( O M 1  1 2.3 17.1 161 JJ 1739 8 110 392 
S 2 M Q O q  I 1.7 23.J 392 1 J J  1386 8 11.8 S I 7  
SFS2 AI(OH)) 3 1.1 11.3 1Jl.J 31 1612 1 i IO9 63.1 
SFSZMQO& 3 0.9 10.1 2484 17 190 6.1 12.2 6 1 s  ..... *..*... 
SI 1 11.4 1m.J 41J 9.J 494 8.7 10 8 36.9 
SI E p q  3 U.8 164 489.J 1.3 4%.9 8.1 9.3 61 3 
SI AI(% I 7.4 118.J 4181 6.9 J01.7 3 10.2 61.1 
SI W O H h  3 0.9 115.1 329.7 8.9 4679 7 9  I I  4 631 

.....*...I... 

s4 1 104 I046  4W 13.3 1816 3 6  111 S6.9 
S I E p o y  3 123 59J 1017 J 198% 9 2  126 S I :  
slN(O% 3 1J.J 592 201.1 4.2 191.7 9; 11.7 116 
S*Mg(O% I . 0.6 13.1 121.1 2.J 417 7.6 10 J66 

s2-I-Dodoclml 

s4-cOc-mLd 
Sl.Uadpllmis Jdd 

Table 4. ksults frw. F l a w  Spread T e s t .  

- 
Material mp°C AH,(j/g) fp°C AHrljlg) 

----- 
n-Hexadecane b 20.0 216 10.4 220 
n-Ocladecane a 26.4 200 17.9 200 
1.Dodecanol b 23.8 184 17.5 190 
n-Heptadecane b 22.6 tea 19.0 185 
Aliylpalmitale d 22.6 173 16.2 125 
Undecylenic Acid e 24 6 141 18.1 143 
I-Nonadecane b 23.2 131 20.1 134 
I-lodohexadecane b 22.2 131 8.6 132 
n-Octadecylacrylate c 25.1 115 22.1 99 
Diphenyl ether b 27.2 97 -8.2 61 
Diphenylmelhane b 24.4 88 -3.3 75 
Chlorobenzothiazole b 18.6 65 
34odoaniiine b 22.5 64 
Polytelrahydroluran b 17.5 59 0.1 76.4 
Trimethylcyclohexene b 24.1 47 
Phorone 25.8 124 11.2 3.1 

Table 5. "hemal Results for New hthalpy Storage mterials 
*Average of three -6wnts. Average standard 
deviation for np ard f p  = 0.30. Average standard 

Co., (b) Aldrim Chmucal Co., (c )  Scientific 
Polymer products, Inc., 
(e) Signa o len ica l  13. 

deviaticm for H = 4 j(q. (e) Mainstrearm Engineering 

(d) mjac Iabcaatories. Inc. 
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INTRODUCTION 

Asphalt has been used in the construction of roads and houses for 
thousands of years. The properties of asphalt has rendered it quite useful 
in roofing and waterproofing applications. The most popular use of 
asphalt in industrial roofing is in the form of a built-up roof or modified- 
bituminous sheet. This type of roof consists of asphalt, reinforcement and 
aggregate which is used to protect the asphalt from ultraviolet rays. All 
materials have their weaknesses and asphalt is no exception. A good 
asphalt (e.g., low asphaltene content) must be used to ensure the quality 
and low-temperature performance of roofing asphalts. Polymer additives 
can be added. 

The criteria for choosing a polymer additive are: (a) the viscosity of the 
asphalt should not be significantly altered (b) It must be sufficiently 
compatible with the asphalt so as to avoid any phase separation during 
application (even at high temperatures). (c) It must improve some of the 
mechanical properties of the asphalt such as resistance to permanent 
deformation, fracture and high-temperature. In low-temperature 
environments, the polymer must be able to enhance the low-temperature 
flexibility and lower the glass-transition temperature (T,) of the asphalt. 
Two commonly used polymer additives are styrene-butadiene-styrene 
block copolymer (SBS) and atactic polypropylene (APP). The exact 
amount of polymer added depends on the polymer and desired property. 
For example., 10-1570 of SBS is sufficient to yield a continuous phase in 
the asphalt. 

Roofing membranes have been used for many years. In the past, the 
testing of various roofing materials was simple because of the 
accumulated experience and also because of the lack of variety. Today, 
with the variety of additives, it is quite difficult to compare them solely 
on the basis of mechanical properties. This is especially true since the 
mechanical properties of these materials are not only related to 
macroscopic behaviour but also at the molecular level which is controlled 
by chemical composition and molecular arrangement. 

Thermal analysis is a technique that can provide some insight as to why 
some roofing materials do not perform properly. In the. past seven years, 
quite a few papers have been published using these techniques for roofing 
(see references 1-10 and references therein). Thermogravimetry (TG) can 
be used to monitor weight loss due to weathering andor aging. Dynamic 
mechanical analysis (DMA) can be used routinely to determine the glass 
transition temperature. Together, DMA and TG can provide a measure of 
the degradative factors which can lead to the correlation between 
accelerated weathering and actual field performance. The objective of this 
study is to demonstrate the utility of TG ,and DMA in establishing the 
durabdity of mcdifkd-bituminous roof membranes. 

EXPERIMENTAL 

Composition of Modified Bitumen Membranes 

Four commercially-available, polymer-modified bituminous roofing 
membranes were obtained and labelled as SBSl, SBSZ. SBS3 and APPl. 
A typical composition for the roofing membrane samples used in this 
study is given in TableI. The quantities will vary from product to 
product. It should be noted that the granules, reinforcement and 

38 



polyethylene account for between 36 and 40% of the total weight of a 
cap sheet but are excluded from the percentages listed in Table I. 

Sample Preparation 

Each material was cut into seven pieces of about 150 x 250 mm. One 
piece was used as a control, three were placed in an air-circulating oven 
preheated at 80°C. and the remaining three were placed in an 
air-circulating oven set at 100°C. for heat-aging. One piece of each 
material was removed from the oven, after 1.7, and 28 days. Specimens 
were cut out for tensile testing and thermal analyses. 

Thermogmvimehy (TG) 

The weight-loss of each rootkg sample was monitored by 
thermogravimeuic analysis using a Seiko Instruments Inc. STA 320 
interfaced to a HP-900 Workstation. A piece of approximately 20 mg of 
sample was cut without including granules. The analyses were carried out 
at temperatures between 20 "C and 600 "C using a nitrogen gas flow of 
150 mL min-1 and from 600 "C to lo00 "C under air. The scanning rate 
was 20 "C min-1. Throughout this study the derivative TG (DTG) curve 
was used as it provided the desired quantitative data (see Fig. 1). The 
data are tabulated in Table II as a function of heat-aging temperature and 
exposure-time. 

Dynam'c Mechanical Analysis (DMA) 

The glass transition temperature of the membranes was obtained using a 
Rheometrics RSA II (software version 3.0.1) dynamic mechanical 
analyzr equipped with a mechanical cooling.device. The following 
experimental profile was used for this study: 

Geometry: 
Sample width: 

Sample thickness 
Sample length 

sweep type 
Frequency: 

Temperature Range: 
Heating Rate: 

Soak Time: 
Strain: 

3-point bending 

3.5 - 4.0 mm 
48.00 mm 
Temp. steps 
1 Hz (6.28 radsec) 

2.0 "Umin 
2.0 min 
2 I 10-2 z 

8 - 10.5 IIUU 

-100 "C to +30 "C 

Typical DMA curves are. shown in Fig. 2. The glass transition 
temperature, Tg, (a-transition values) was obtained from the average of 
at least two and no more than four specimens from the same sample. The 
values are reported as the maximum in the loss modulus (E") vs 
temperature curve. It is also possible to use the maximum of the tan6 
peak vs temperature curve, however, it was found that the E" wrve gave 
a better correlation with traditional mechanical data (eg ,  tensile and 
elongation). The glass transition temperatures of the various samples are 
summarized in Table III. 

RESULTS AND DISCUSSION 

Three SBS (styrene butadiene styrene) modified membranes and one APP 
(atactic polypropylene) m o d f i  membrane were selected. The granules 
on the SBS moditied membranes .should be taken into account during 
analysis because they account for approximately one-third of the total 
weight and are not affected by high temperatures. Their presence 
minimizes the weight loss detected during the actual experiment. For this 
reason, the granules were removed from the SBS samples prior to 
testing. The APP modified membrane did not contain granules. 

The results of the TG show that the polymer-modified bitumens are not 
affected by short term exposure to temperatures of 80 and 100 "C. But 
two samples show a large loss of weight after being heated in an oven for 
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28 days at 100 'C. The weight loss for SBSl and SBS2, as determined 
by TG, is much less after 28 days of heating at 100 "C than it was at 7 
days. Thus, weight was lost in the oven during the aging. This 
demonstrates that this technique can be useful in determining the relative 
stability of modilied bituminous membranes. It is likely that changing the 
conditioning by heating the membrane in an oven for six months at 80 "C 
would provide a better reading on the long term durability of these 
membranes. In the field, loss of protective granules, which is a problem, 
will also expose the bitumen to UV radiation and accelerate the overall 
rate of deterioration of the membrane. 

Generally, the glass transition temperature of control SBS modified 
membranes is in the -48 to -50 "C range. Heat aging, however, gradually 
raises the T, to around -30 "C. On the other hand, the APP modified 
sample appears to be unatkted by heating as its TB remains constant at 
-30 OC. Most samples also showed a another transition around -15 "C. 
While. the component responsible for this transition is still unknown; its 
existence, however, might indicate that installing SBS-modified 
membranes in subzero temperature, using hot asphalt, as specified by the 
manufacturers could cause problems. It should be noted that all 
manufacturers call for their membranes to be unrolled and allowed to 
relax prior to installation. 

CONCLUSIONS 

The modified bituminous membranes, because of their low softening 
temperature and their complex chemical composition, provide results that 
are more difljcult to interpret than the previously published EPDM and 
PVC membranes. The results, nevertheless, appear to be quite reliable 
when compared to the performance of these membranes in the field. 

The results have shown that APP-modifid material had a warmer glass 
transition temperature than the SBS-modified. The AF'P-modified 
bitumen, however, was more heat resistant than the SBS-modified ones. 

The heating-aging temperature of 100 "C is not recommended because of 
the low softening point of the asphalt. A heat-aging temperature of 80 "C 
for six months could be preferable to assess the relative durability. 

Loss of weight resulting from heat-aging affects the performance of 
mod- bituminous membranes and appears to be an important factor in 
determining service-life. Little weight loss (-5%) after agingweathering 
is indicative of stability to the aging program. 
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Inppxlients % by weight Function 
Bitumen 66 - 74 Waterproofing agent 

Rubber m d i e r  11 - 16 Imparts elastomeric properties 
L Filler 11 - 18 Provides rigidity 

Table I Typical matrix composition of SBS modified membranes 

Heating Schedule 
Tempf'C) Days 

unheated 

80 1 
80 7 
80 28 

100 1 
100 7 
100 28 

Weight Loss (%) 
SBSl SBS2 SBS3 SBS4 

71.8 78.4 55.5 78.2 

69.1 80.6 57.3 78.8 
71.6 71.9 54.8 78.8 
70.3 70.8 55.3 77.0 

70.3 74.8 57.6 74.0 
69.2 73.0 55.1 75.9 
36.3 29.9 52.1 73.8 

Table III Glass Transition Temperature Cr,) of Modified Bitumens 
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ABSTRACT 

Thermogravimetric (TG) analysis combined with Fourier Transform Infrared (FT-IR) analysis of evolved 
products has proven to be a powerful technique for characterization of coal, source rock, heavy 
hydrocarbons, biomass, waste materials, and plastics. The TG-FTIR method can be used to determine the 
resource potential of a material, Le., the types of products a material is likely to produce when subjected 
to processing by pyrolysis or combustion. It can also provide kinetic information for model validation 
or extrapolation and can provide the equivalent information to proximate and ultimate analysis. In 
addition, TG-FTIR analysis can be used to characterize the adsorbent potential and combustion reactivity 
of solids. The TG-FTIR method can provide this information in a more rapid, reproducible, and 
inexpensive way when compared to most other types of laboratory characterization methods such as drop 
tube reactors. This paper reviews the application of TG-FTIR analysis to hydrocarbon fuels and resources. 

\ 

! 
I INTRODUCTION 

1 
Thermogravimetric analysis (TGA) has been employed in coal science to perform a number of 
characterizations including: proximate analysis,' kinetics of weight I O S S , ~  char reactivity,)4 and gas 
adsorption measurements.' A complementary technique, evolved product analysis, has been employed 
to study pyrolysis product distributions and kinetics,8-" functional group  composition^,^^^'^^'^ and 
temperature programmed desorption."-'' A TG-FTIR instrument combines TGA with evolved product 
analysis by Fourier Transform Infrared (FT-IR) spectroscopy. FT-IR analysis of evolved products has 
advantages over mass spectroscopy in allowing analysis of very heavy products, and over gas 
chromatography in speed. 

TG-FTIR instruments are available from several instrument manufacturers, including On-Line 
Technologies, Inc. (On-Line), an affiliate of Advanced Fuel Research, Inc. (AFR). In addition, Bio-Rad 
and Perkin-Elmer, among others, offer a TG-FTIR instrument. One of the differences among these 
instruments is the method used to analyze and quantitate the heavy liquid products from pyrolysis of the 
sample, which form an aerosol upon subsequent cooling prior to entry into the multi-pass FT-IR cell. 
These instruments have primarily have been used for the analysis of polymers, pharmaceuticals, minerals, 
etc., including a limited amount of work done at AFR.'7,36,37 Nearly all of the work on the application of 
TG-FTIR to hydrocarbon fuels and resources has been done at AFR or its collaborators. Consequently, 
the scope of this review will be limited to this body of work. 

The application of TG-FTIR to coal analysis at AFR has been described in several publications.'62s To 
analyze coal, a sequence of drying, pyrolysis and combustion is employed to obtain: proximate analysis, 
volatiles composition, volatiles kinetics, and relative char reactivity. By using several different heating 
rates, kinetic rate constants for volatiles evolution have been TG-FTIR analysis has also 
been used at AFR to characterize other hydrocarbon materials such as modified coal samples, 2628 coal 
liquefaction resids," petroleum source rocks,)0 lubricants,)' biomass, 32.33 waste tires,)'.'' and 
 polymer^.'^,'^.^' This paper will briefly review the use of the TG-FTIR technique at AFR for the 
characterization of hydrocarbon fuels and resources. 

EXPERIMENTAL 

Apparatus - A schematic of the AFR TG-FTIR instrument is presented in Fig. 1. Its components are as 
follows: a DuPontTM 951 TGA; a hardware interface (including a furnace power supply); an Infrared 
Analysis 16 pass gas cell with transfer optics; a Bomem I IO FT-IR; (Resolution: 4 cm-I, Detector: MCT). 
A helium sweep gas (250 cc/sec) is employed to bring evolved products from the TGA directly into the 
gas cell. A window purge of 700 cc/sec is employed at each end of the cell. The system is operated at 
atmokpheric pressure. This instrument package is available commercially as the TG(u/us from On-Line 
Technologies, Inc. (East Hartford, CT). 

' 

i 

L 

The most difficult volatiles to analyze are the heavy decomposition products which condense at room 
temperature, such as tars from coal. In the TG(u/ur, the high conductivity helium sweep gas and the rapid 
cooling cause these products to form an aerosol which is fine enough to follow the gas through the 
analysis cell. The cell is connected without restrictions to the sample area. The aerosol is also fine 
enough that there is only a little scattering of the infrared beam and it is thus attenuated almost as though 
the tar was in the gas phase, as shown in Fig. 2. Based on the aerosol's Rayleigh scattering of infrared 
radiation, the diameter of the aerosol droplets in this case is less than 1.0 pm. As indicated above, the 
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technique for analysis of the heavy liquid aerosols is one of principal features that differentiate the 
various commercial TG-FTIR instruments. 

Procedure - As an example of the analysis procedure, the pyrolysis and oxidation of a lignite is 
described. More detail can be found in Refs. 16 and 17. Figure 3a illustrates the weight loss from this 
sample and the temperature history. A 35 mg sample of Zap lignite, loaded in the sample basket of the 
DuPontTM 95 1, is taken on a 30 T h i n  temperature excursion in the helium sweep gas, first to 150 "C 
to dry for 240 sec, then at 30 " C h i n  to 900°C for pyrolysis. Upon reaching 900 OC, the sample is 
immediately cooled to 250 "C over a twenty minute period. After cooling, a small flow of 0, (0.3 cclsec) 
is added to the helium sweep gas at the 57 minute mark and the temperature is ramped to 700 OC at 
30 'Chin  (or as high as 1000 "C) for oxidation. 

During this excursion, infrared spectra are obtained once every thirty seconds. As shown in Fig. 2, the 
spectra show absorption bands for CO, CO,, CH,, H,O, SO,, COS, C,H,, and NH,. The spectra above 
250 OC also show aliphatic, aromatic, hydroxyl, carbonyl and ether bands from tar. The evolution of 
gases derived from the IR absorbance spectra are obtained by a quantitative analysis program which 
employs a database of integration regions and calibration spectra for different compounds '6,'7. The 
routine employs regions ofeach calibration spectrum which permit the best quantitation with the least 
interferences. The routine is fast enough to allow the product analysis to be displayed on the computer 
screen during the actual experiment. 

Figure 3b illustrates the integral of the evolution curves to obtain the cumulative evolved product 
amounts. Because the data are quantitative, the sum of these curves match the weight loss as determined 
by the TGA balance. Discrepancies occur in this match because ofmissing components such as H, which 
cannot be seen by IR. Also, when 0, is introduced, the balance shows a net gain in weight due to 0, 
chemisorption. 

The TG-FTIR system provides all of the usual capabilities of a TGA for measurement of char reactivity 
or surface characterization by Temperature Programmed Desorption (TPD) with the additional advantage 
of measurement of the evolved products. A non-isothermal reactivity test developed at AFR using a 
conventional TGA system]" was later adapted to the TG-FTIR?' Studies of coal chars using TPD have 
also been made in this appara t~s?~ 

RESULTS AND DISCUSSION 

Examples of analyses done with the TG-FTIR apparatus will be presented in detail for coal samples and 
selected examples will be given for lignin and polymers. The coal data included in this paper is primarily 
from samples from the Argonne Premium sample bank, which have been extensively characterized using 
this t e c h n i q ~ e . " ~ ' ~ , ~ ' . ~ ~ - ~ ~  Other characterizations of the Argonne samples have been summarized by 
Vorres.19 

Measurement of Char  Properties - The results from the application of the TG-FTIR instrument to 
measurements ofthe critical temperature (TJ (an index of reactivity that defines the temperature at which 
a small but measurable rate of weight loss occurs) and the oxygen chemisorption capacity (OCC) for the 
Argonne Premium coals are shown in Fig. 4. As expected, the values of T,,decrease with decreasing rank 
(increased oxygen content) which indicates that lower rank coals are more reactive. This variation in 
reactivity with rank is primarily due to mineral contributions to reactivity?" The measurements of 
oxygen chemisorption capacity (OCC), which are related to the active site concentration, are inversely 
related to T,, and are also shown in Fig. 4. In our work, we have found that the value of T,, is a more 
useful correlative parameter for reactivity than the OCC?8 

Measurement of Volatile Product Evolution - The TG-FTIR system has been used to conduct 
programmed pyrolysis experiments on the Argonne premium coals over a range of heating rates (3,30, 
50, 100 oC/min).'8~'9~2'~zez6 Th e changes in the positions of the evolution curves with temperature for the 
various volatile components can be used to define the kinetic parameters. An example is shown in Fig. 
5 where the temperature for the maximum tar evolution rate is plotted for the eight Argonne coals at two 
different heating rates. Similarly, the changes in the integrated amounts of each volatile product can be 
used to characterize the coal functional group composition, as shown in Fig. 6 for the evolution ofNH,. 

An example of results from TG-FTIR analysis ofeight lignin samples is shown in Fig. 7. This plot shows 
a summary of the gas, tar and char yields for a study where high tar yields were desired to allow 
subsequent processing of lignin into carbon materials?' The tar yields from the eight lignin samples 
varied from -10 Wtoh for the H,SO, lignin to >50 wt.% for the lotech lignin. Another feature of the use 
of TG-FTIR for the analysis of hydrocarbon materials is the ability to conduct an on-line spectroscopic 
analysis of the heavy liquid products. An example is shown in Fig. 8, which compares the spectrum 
obtained at the temperature of the maximum evolution rate for six polymers. The slope of the baseline 
indicates the degree of scattering and hence the size of the tar aerosols, as discussed above. This is a 
characteristic of the material which depends on the molecular weight distributions of the oligomers 
formed, the viscosity, and surface tension. Since the tar aerosol droplets are components of smoke and, 
ultimately of soot, the technique has the potential to provide information which correlates with these 
important combustion properties of polymers. Figure 8 indicates that the TG-FTIR method reveals 
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I 
significant differences in the tar structure and in the size of the tar aerosols between these different 
polymers. 

Relatiomhips between Kinetic Rates of Different Volatile Species - It has been found that some pools 
in the different volatile species have peak evolution rates at the same temperature and those peaks have 
the same shifts when the heating rate changes. The Utah Blind Canyon coal provides a good example 
of this phenomen~n '~ ,~~.  The TG-FTIR measurements indicate that the tar evolution, the CO,-Loose, CO- 
Loose, and the H,O-Loose pools all show very close peak evolution rate temperatures, at about 480 "C 
for 30 "Chin., at about 519 'C for 100 "Chin.  and at about 430 "C for 3 OC/min. runs. This feature 
implies that these volatile pools can be tit with the same kinetic parameters. This may also imply that 
there is some common evolution chemistry. 

Modeling of Devolatilization Processes - The kinetic parameters for the functional group pools from 
the eight Argonne premium coals and some additional coals have been determined using a set of rules 
that were developed to allow a systematic method of establishing the rank variations (e.g., the frequency 
factors were fixed at values of less than 1O"lsec. and only the activation energies were allowed to vary 
with rank),l. The kinetic and compositional parameters obtained from TG-FTIR analysis are used along 
with other characterization information to calibrate our Functional Group - Depolymerization, 
Vaporization, Crosslinking (FG-DVC) model of coal devolatilization." A typical comparison of theory 
and TG-FTIR data is shown in Figs. 9 and IO.  Figure 9 shows a comparision of theory and experiment 
for the weight loss and major volatile species for pyrolysis of a Consol #2 coal at 30 "C/min. Figure I O  
shows a comparison of FG-DVC model predictions and experimental data for the tar evolution rate at 
30 'Clmin. from all eight Argonne Premium Coals. The agreement between the theory and experiment 
is generally quite good except for species where mineral contributions are important in Fig. 9 (CO,, H,O). 
The kinetic parameters obtained from the TG-FTIR method extrapolate well to very low heating rates, 
as in natural maturation processes:'.'* as well as to the high heating rates of importance in most coal 

for lignin" and phenol-formaldehyde36 using the same approach. 

CONCLUSIONS 

Thermogravimetric (TG) analysis combined with Fourier Transform Infrared (IT-IR) analysis ofevolved 
products has proven to be a powerful technique for characterization of coal, source rock, heavy 
hydrocarbons, biomass, waste materials, and plastics. The TG-FTIR method can be used to determine the 
resource potential of a material, Le., the types of products a material is likely to produce when subjected 
to processing by pyrolysis, or combustion. I t  can also provide kinetic information for model validation 
or extrapolation and can provide the equivalent information to proximate and ultimate analysis. I n  
addition, TG-FTIR analysis can be used to characterize the adsorbent potential and combustion reactivity 
of solids. 
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Figure 1. Schematic diagram of the standard TGIFT-IR instrument. 
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ABSTRACT 

The behavior of chlorine during the combustion of coal was studied using TG-FTIR and TG-MS 
systems. Parameters of the coal samples studied included variations in chlorine content, rank, and 
mesh size. The identification of evolved gases at different temperatures indicated three mechanisms 
of HCI release. The first evolution of HCl was due to thermal effects, and corresponds to  the release 
of HCI absorbed on pore walls of the coal. The second evolution of HCI is a hnction of coal rank, and 
represents a more tightly bound chlorine associated with the hydrated coal matrix. The third evolution 
of HCI is a result of inorganic chlorides in the coal. 

INTRODUCTION 

The presence of chlorine in coal is a concern for end users of coal. This concern, if the chlorine in coals 
causes corrosion, has tremendous impact on the marketability of the coal. The extent of boiler 
corrosion due to chlorine may not be directly related to the amount of chlorine in the coal. However, 
it may be related to how the chlorine occurs in the coal or to other factors. During the combustion of 
coals of various types, the mechanisms ofthe release of chlorine species are influenced by many factors, 
such as the forms of chlorine in the coal, coal rank, and experimental conditions. 

The main forms ofchlorine present in coal that have been proposed are:' 
inorganic chlorides 
chlorine ions in brine and other water associated with the coal. 

Edgecomb' examined the release of chlorine as HCI in the heating of twenty-nine British coals (0.2- 
1.0% CI) in dry air at 200°C for twenty-four hours. His studies showed that more than half of the 
chlorine is liberated as HCI at this temperature. However, Daybell suggested that chlorine in some 
British coals give off 97% of their chlorine as HCI in oxygen-free nitrogen at 258°C.' Gibb observed 
that most ofthe chlorine in British coals evolved under mild conditions.' Several Illinois coals were 
studied by Hackley and Chou using a high temperature hmacequadrupole gas analyzer (HF-QGA) 
technique. They determined that the evolution of HCI from their coals began around 250°C, peaked 
at 495'C. and leveled off close to 600'C.' Muchmore and coworkers investigated chlorine removal 
from an Illinois high-chlorine coal with thermal treatment followed by analysis using an electrode 
technique. It was concluded that 84.3% ofthe total chlorine in the coal was removed by preheating 
in nitrogen at a lower temperature prior to a six minute reaction at 3 8 5 T 6  

These studies, reporting different coals having different chlorine release temperatures under different 
conditions, may provide some insight into the question concerning boiler corrosion and chlorine 
content. In the work reported in this paper the behavior of chlorine during combustion is investigated 
using relatively new techniques. The effect of chlorine content as well as rank and mesh size of coal 
on the evolution of chlorine species was investigated. 

EXPERIMENTAL 

This study used ten coal samples ranging in chlorine content (0.03-OM%), mesh sizes (400, 200, and 
60 mesh), and chemical composition as listed in Table 1. Combustion of the samples took place in an 
air atmosphere under either of two heating methods. The dynamic heating method, a steady increase 
in temperature with time, enables a view of the complete combustion process. The second, an 
isothermal heating method, allowed for the isolation and separation of HCI emission mechanisms. The 
isothermal method consists of steadily heating the sample to a certain temperature, holding at the 
temperature for a designated amount of time, followed by a continuation of the temperature increase. 

Analyses ofthe combustion process and evolved gases were obtained utilizing TG-FTIR and TG-MS 
systems. The thermogravimetric (TG) studies gave combustion profiles in terms of weight loss and rate 
of weight loss and were done with either a DuPont 95 1 or a TA Hi-Res TGA 2950 thermogravimetric 
analyzer. By coupling the instruments with a VG Thermolab Quadrupole Mass Spectrometer (MS) 
one can identify and quantify evolved gases by their molecular weights. Interfacing a TG with a Perkin 
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Elmer 1650 Fourier Transform Mared Spectrometer (FTR) allows one to confirm the identified gases 
and distinguish between gases of the same molecular weights. 

RESULTS AND DISCUSSION 

Figure 1 is a typical thermogram showing the analysis of the combustion of a coal sample using the 
dynamic heating method. One can follow the transitions through the combustion process by noticing 
changes in both the T G  curve showing weight loss and the DTG curve showing rate of weight loss. 
Points of interest on the DTG curve are the changes in weight loss rate at 300°C. 4OO0C, and 447°C. 
The region containing these points in order show: (1) a dwolatiliition zone, (2) an overlapping weight 
loss due to the initial combustion of the fixed carbon at the 400°C inflection point, and (3) a weight 
loss, due to combustion, with a maximum at 447°C (DTG peak maximum). 

Mass spectroscopic profiles given in Figure 2 show the evolution of SO, (64), H,O (1 8), CO, (44), HCI 
(36), and either acetic acid (60) or COS (60) during dynamic heating. The peak maximum for rate of 
weight loss in the TG curve corresponds to the peak maxima ofCO, and SO, emissions at 447°C. The 
d z  = 60 peak follows the HCI and water curves by 10°C. FTIR on-line analysis shows the first peak 
in the m/z = 60 curve to be due to the evolution of acetic acid while the second peak is due to COS. 
The emission of HCI and H,O begins at 200°C, peaks at 3OO0C, and subsides. Their second peaks 

appear at 400°C with a maximum at 440°C before leveling off around 500°C. This indicates two 
mechanisms of chlorine release involving water. Expansion of the HCI curve shows a small third peak 
occurring at 700-800°C. 

Employment of the isothermal heating method revealed HCI and water emissions as the temperature 
approached 300"C, as illustrated in Figure 3. At that point (30 min, 300°C) the temperature was held 
constant for one hour with no emissions occurring. Continuation of the temperature increase produced 
the second emission of HCI and water confirming two separate mechanisms, thus illustrating two 
different structures of chlorine bonding in the coal. 

The first HCI peak is due to thermal effects and consistently peaks around 300°C for all coals. Due 
to the greater amount of energy needed to break the bonds, the second peak represents a more tightly 
bound chlorine released during the oxidation of the coal. The second peak is a function of coal rank 
due to its direct relationship with coal DTG maxima as is illustrated in Figure 4. DTG analyses of the 
coals indicate higher ranking coals having higher maximum rates of combustion. The higher 
temperature DTG peaks and higher ranking coals correspond to higher temperature maxima for the 
second HCI emissions. 

A quantitative study of the evolution of HCI and S0,versus the content of the chlorine and sulhr in 
the coal was obtained by integrating the area under the HCI peaks in the mass spectra. A good 
agreement (R' = 0.997 for chloride and R2 = 0.942 for sulkr) was obtained between the chlorine 
content and the total amount of HCI evolved, as is illustrated in Figure 5 .  This figure also provides 
evidence that most ofchlorine in coal is released in the form of HCI during combustion. The slightly 
lower coefficient obtained for the sulhr is due to the limitation of TG systems. The TG system can 
only be heated to 1000°C. According to ASTM Method D 4239, the coal should be heated to 1400°C 
to identify the sulfate species. Thus, the temperature difference may cause the slightly lower correlation 
coefficient. 

Mesh size also played a role in determining the temperature of HCI evolution. The smaller mesh coal 
produced emissions at a lower temperature. Smaller particle size, such as 400 mesh, has a higher 
surface-to-volume ratio allowing less hindrance to the devolatilization of the chlorine attached to the 
coal pores and surface. 

CONCLUSIONS 

Thermal analytical techniques reveal there are three HCI evolution peaks, indicating three different 
types of chlorine bonding to the coal. The first HCI evolution peak, due to thermal effects, is the 
release of HCI normally absorbed on pore walls. The second peak, a bnction of the coal rank, 
represents a more tightly bound chlorine associated with the hydrated coal matrix. A third peak is a 
result of inorganic chlorides in the coal. 

Thermal analytical and mass spectral data indicate a good correlation between chlorine content in the 
mal and the total amount ofHCl evolved. Results also show the smaller particle sizes of the coal cause 
HCI evolution to occur at a lower temperature. 
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INTRODUCTION 

The Environmental Protection Agency reported that the total municipal solid waste WSW) produced 
in the US. increased h m  179 million tons in 1988 to 195 million tons in 1990.' It is predicted that 
the country will produce about 216 million tons of garbage in the year 2000: Waste-to-energy 
conversion of MSW appears to be most attractive because of the energy recovered, economic value 
of the recycled materials, and the cost saving derived from reduced landfill usage. However, extra 
care needs to be taken in burning MSW or Refuse Derived Fuel (RDF) to optimize the operating 
conditions of a combustor so that the combustion takes place in an environmentally acceptable 
manner. For instance, polychlorinated dibenzodioxins (F'CDDs) and polychlorinated dibenzofurans 
(FCDFs) have been found in the precipitator fly ash and flue gas of a number of incinerator facilities 
in the United States and Europe. Though the amount of PCDDs and PCDFs is only in the parts-per- 
billion to parts-per-trillion range, these chlorinated organics exhibit very high toxicity &D,, < 10 
pg/Kg) and 2,3,7,8-tet~achlorodibemdioxin has been found to be acnegenic, carcinogenic, and 
teratogenic. This has slowed or even stopped the construction and operation of waste-to-energy 
plants. In previous work; the study of single materials has given us a good understanding of the 
characteristics and thermal behavior of these materials, their relative thermal stability and temperature 
relationships, their decomposition products and the evolution profiles of different gaseous products. 
The formation of molecular chlorine during combustion processes could be a key step for the 
formation of chlorinated organic compounds. The production of phenol and furan during the 
combustion of newspaper and cellulose could provide the important precursors for the formation of 
polychlorinated dibenzodioxin (PCDD) and polychlorinated dibenzofuran (PCDF). 

EXPERIMENTAL 

Materials used in this study include two coal samples (92073 - a KY #9 coal and 90003 - an IL #6 
coal), PVC (OxyChem Corporation), cellulose (Whatman Corporation), and newspaper. The TGMS 
system consists of a DuPont Instruments Model 951 Thermogravimetric Analyzer interfaced with a 
VG Thermolab Mass Spectrometer. The detection range of the TG/MS system is 1-300 atomic mass 
units (mu). Electron impact ionization energy is 70 eV. A sample size of -20 mg was heated in air 
(50 rnL/min) at a slow heating rate of 10°C/min to 700°C and a fast heating rate of 100Wmin to 
900°C then held at the maximum temperature for five minutes. The MS system can automatically 
sample the gases evolved h m  the TG system, analyze them with its quadrupole analyzer, and save 
the spectra. The detailed experimental conditions are discussed in Lu's thesis? 

RESULTS AND DISCUSSION 

Comparing the TG curves for the five raw materials (coals 92073 and 90003, PVC, cellulose, and 
newspaper) shows that the coals have a higher decomposition temperature and slower weight loss 
rates compared to the other materials. PVC, newspapet and cellulose show three distinct weight loss 
stages. At the fast heating rate similar results were obtained except that the weight loss shifts to 
higher temperatures (T &I and the rate of maximum weight loss increases. This indicates that 
the decomposition reactions of fuels occu much faster and at higher temperatures as the heating rate 
increases. The decomposition at the slow heating rate was studied in order to understand the 
mechanism of each stage. The study at the fast heating rate was done to approach the firing 
conditions of an a atmospheric fluidized bed combustor (AFBC) unit. The heating rates in an AFBC 
system are much faster than those of the TGA experiments. Thus it is expected that the 
decomposition reactions occur at higher T,, and %,values in the AFBC systems. 

The evolved gases were identified using two analytical systems, TGFTIR and TG/MS. The 
TGETIR system can be used to identify compounds with different functional groups and similar 
masses. The TGMS can be used to identify species such as Cl,, 0,, and N, which cannot be detected 
using FTIR techniques. The results show that at a fast heating rate the decomposition reactions are 
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compressed into a narrow time range. Hence the decomposition stages cannot be. separated as is done 
with the slow heating rate. The FTIR data indicate that more hydrocarbons are produced at fast 
heating rates whereas more oxidation products are obtained at slow heating rates. Mass spectrometric 
results indicate that chlorine molecules are produced concurrently with HCI during the decomposition 
of PVC. The ratio of HCUCl, produced is around 150. This suggests that some of the abundant HC1 
could undergo a thermal Deacon reaction. This reaction is favored up to 600°C at atmospheric 
pressures. The Deacon reaction (given below) could provide a plausible starting point for the 
formation of chlorinated dioxins fiom the combustion of chlorine rich fuel mixtures! The suggested 
mechanism is as follows: 

4 HC1+ 2 0 2  ----> 2 CI2 + 2 HZO 
C1, + phenol ---> chlorinated phenols 
chlorinated phenols -----3 PCDDs 

The study of single materials gives a good understanding of the characteristics and thermal behavior 
of these compounds, their relative thermal stability, and the evolution profiles of different gaseous 
decomposition products. This will help in the analysis of thermal decomposition products of blends 
and in the evaluation of their combustion kinetics and interactive mechanisms. 

A series of experiments on blends (containing different amounts of coal, PVC, newspaper and 
cellulose) was conducted at both heating rates. PVC, which is a major source of chlorine, accounts 
for only 1% of MSW. A greater amount was used in these studies to investigate the conditions and 
mechanism for the formation of the chlorinated species. At a slow heating rate it is possible to 
evaluate kinetic and dynamic changes occurring during combustion. The studies at a fast heating rate 
will provide a better picture of combustion performance in an AFBC system. 

The blends used in this study were manually prepared and labeled as follows: 

Blend 1: 03PVC is a mixture of coal 90003 and PVC (50% each); 
Blend 2: 03NEW is a mixture of coal 90003 and newspaper (50% each); 
Blend 3: 03Cell is a mixture of coal 90003 and cellulose (50% each); 
Blend 4: 03PN is a mixture of coal 90003 (50%), PVC (25%), and newspaper (25%); 
Blend 5: 035122 is a mixture of coal 90003 (SO%)), PVC (IO%), newspaper (20%), and cellulose 

Blend 6: 73PVC is a mixture of coal 92073 and PVC (50% each); 
Blend 7: 73NEW is a mixture of coal 92073 and newspaper (50% each); 
Blend 8: 73Cell is a mixture of coal 92073 and cellulose (50% each); 
Blend 9: 73PN is a mixture of coal 92073 (50%), PVC (25%), and newspaper (25%); 
Blend 10: 735122 is a mixture of coal 92073 (50%), PVC (IO%), newspaper (20%), and cellulose 

(20%); 

(ZOO/,). 

1. TG/DTGRe& 

Table 1 is a summary of the TGiDTG results at both heating rates for all the blends. It can be seen 
that the maximum rates of major weight loss (R-) at the fast heating rate are much higher than those 
at the slow heating rate. For example, decomposition increases from IO%/min to 62Wmin for blend 
#35122. This indicates that the decomposition reactions of fuels occur at a faster reaction rate as the 
heating rate increases. Since the heating rates in an AFBC system are much faster than those in TGA 
experiments it can be expected that decomposition reactions will occur at greater R,- in AFBC 
systems. 

On comparison with data for single materials, there is an important difference. For most blends, the 
combustion profiles are compressed into a continuous stage of weight loss at the fast heating rate. 
This means that the different decomposition stages for most blends can be separated !?om each other 
only at a slow heating rate. It is difficult to distinguish each decomposition stage in the combustion 
profiles at the fast heating rate, except for the moisture loss stage. Unlike those at the slow heating 
rate, the profiles of decomposition reactions for most blends display only one continuous weight loss 
at the fast heating rate. Also, the T,, in the compressed profiles are in between the two T, values 
at the slow heating rate. For example, T,, for H73PN is 344°C but for 73PN is 336°C and 
432°C. 

Figure 1 is a comparison of TG curves for blend 035122 and its components, coal 90003, PVC, 
cellulose, and newspaper; at the slow heating rate. The blend has a much lower decomposition 
temperature than the coal because of mixing with the easily decomposing components, (with hi& 
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volatile matter content), newspaper, cellulose, and PVC. This indicates that there are some mutual 
chemical interactions among the components during the combustion process. For the blend curve, 
the fmt weight loss is due to moisture. The second weight loss comes from the decomposition of 
PVC, newspaper and cellulose. The third weight loss is due to combustion of coal and carbon 
residues h m  PVC. It is possible that the combustion of newspaper, cellulose and PVC induce the 
shift of the coal combustion to a much lower temperature. The temperature at 50% weight loss ( T 3  
for coal is about 500°C and 370°C for the blends. 

At the fast heating rate, the same trend is observed, the blend decomposes at much lower temperatures 
than the cdal (T,, for coal is -750°C and -450°C for blend). Compared with the blend curve at the 
slow heating rate the combustion profile of the blend becomes more continuous so that the second 
and third weight losses, which were clearly seen previously, cannot be definitely separated, indicating 
that combustion behavior is different at different heating rates. 

2. - m e t D , w  

Table 2 summarizes the tentative identification of some peaks in the MS spectra of blends 1 to 10 at 
the slow and fast (with a prefix "H-") heating rates. The compounds in bold type are also detected 
by the gas trap and GCMS techniques. It is difficult to clearly interpret the complicated spectra 
obtained from the combustion of all the blends and attention was given to the sulfur and chlorine 
species in the evolved gases. 

Figure 2 shows some mass profiles at the slow heating rate for blend 9(73PN). There are two major 
decomposition stages shown in this figure. The first stage occurs around 300°C. In this stage, HC1 
(36 and 38) and chlorine (70,72 and 74) from PVC, furan (68) and furfural (96) from newspaper are 
major products. The second stage is at around 340°C. In this stage, larger molecules, toluene (92), 
methyl thiophene (98), xylene (106), chlorobenzene (1 12), and naphthalene (128) start evolving, 
which indicates that the coal begins to decompose. Phenol is also identified fiom the decomposition 
of newspaper. These two stages correspond to the second weight loss in the TGA curve. 

There are similar results in Figure 3 (blend 5, file 035122). The peaks 60 (carbonyl sulfide) and 64 
(sulfur dioxide) display the same changes as observed in coal 92073, i t . ,  sulfur dioxide has three 
decomposition phases and carbonyl sulfide has only two. In the profiles for HCI and molecular 
chlorine there are some differences. The HCI and molecular chlorine show two peaks at about 300°C 
and 340°C. The first peak may be attributed to the decomposition of PVC. The second peak is due 
to the decomposition of coal 90003 (high chlorine, low sulfur) and newspaper. An important fact is 
that molecular chlorine, phenol and furan are released at the same temperature range. This indicates 
that there is some possibility for the formation of chlorophenol at this temperature. However, it is 
difficult to identify chlorophenol from TGMS studies due to two reasons. First, the amount of 
phenol ( d z  = 94) present in the gas phase is very small. Secondly, chlorophenol has the same mass, 
128, as naphthalene. These two species cannot be distinguished from each other in the TGMS 
system. This problem can be resolved using a separation system. In tubular furnace studies more 
sample can be loaded, increasing the amount of phenol produced. Also the GCMS system can 
separate the components prior to identification. The results from 10 grams of blend sample show that 
naphthalene is a major product and small amounts of chlorophenol is also identified. The results 
using 100 mg phenol as sample and 0.5% chlorine in nitrogen as purge gas and the same heating rate 
show that mono-, di-, and hi-chlorophenols can be formed. This indicates that during co-firing coal 
with MSW, either the amount of phenol produced is too small to form chlorophenol, or the amount 
of the produced chlorophenol is too small to be detected by the TGMS system. 

Comparison of the evolved gases at slow and fast heating rates show trends very similar to those of 
the individual raw materials. More hydrokbns  and chlorinated species are formed during the same 
time span at the fast heating rate whereas they evolve at different times at the slow heating rate. 

CONCLUSIONS 

I 

I I I  

The TG/FTIR/MS system was used to identify molecular chlorine, furan, phenol and other 
aromatic compounds, along with HCI, CO, CO,, and k& 0 in the gaseous products of the 
combustion of coal, PVC resin, newspaper, and cellulose in air. This is a significant finding 
that will lead us to study this combustion step further to look for the formation of chlorinated 
organic compounds. 
The TGMS techniques allow the study of reaction pathways for the formation of gaseous 
products during combustion. 
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Table 1. Summary of TGDTG Results for Blends 
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40 
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307 
354 
340 
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341 
361 
302 
345 
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337 
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Note: R- is maximum rate of weight loss, Ydmin; T,, is the temperature at R-, "C; AW is 
the weight loss. 
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Table 2. Tentative Parent Structures of MS Peaks for Coal 92073 Blends 

dimethylnaphthalene 
vinylnaphthalene 
acenaphthene 
biphenyl 
methylbenzothiophene 
dichlorobenzene 
indan- 1 $&one 
methylnaphthalene 
decene 
ethylxylene 
tetrahydronaphthalene 
naphthalene 
chlorotoluene 
propylbenzene 
ethylmethylbenzene 
trimethylbenzene 
indene 
chlorobenzene 
octene 
Wlene 
ethylbenzene 
3-methyl-2-fUranone 
methylthiophene 
furfural 
phenol 
toluene 
thiophene 
benzene 
furan/l,3-pentadiene 
SOJ1,3-pentadiyne 

H6 

148 
146 
146 

132 

126 
120 
120 
120 

112 
112 
106 
106 
98 
98 
96 
94 
92 
84 
78 
68 
64 

m 
156 
154 

142 
140 
134 

128 
126 
120 
120 
120 
116 
112 
112 
106 
106 
98 
98 
96 
94 
92 
84 
78 
68 
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Bs 

154 
154 

134 

128 

116 

106 
106 
98 
98 
96 
94 
92 
84 
78 
68 
64 

148 148 148 
146 146 146 
146 146 146 
142 142 142 
140 140 140 

134 134 
132 132 132 

128 128 
126 126 126 
120 120 120 
120 120 120 
120 120 120 

116 
112 112 
112 112 
106 106 
106 106 
98 98 
98 98 
96 96 

94 
92 92 
84 84 
78 78 
68 68 
6 4 6 4  

134 

128 

120 
120 
120 

116 116 
112 112 112 
112 112 112 
106 106 106 
106 106 
98 98 98 
98 98 98 
96 96 96 
94 94 94 
92 92 92 
84 84 84 
78 78 78 
68 68 68 
64 6 4 6 4  

"H-" prefix means the fast heating rate was used. "B + number" means the blend + number. 
The compounds in bold type indicate those also detected by the G U M S  system. 
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Figure 1. TG Curves for blend 035122 and the four 
ccrmponents of the blend. 
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ABSTRACT 

A typical Air Force base will produce several thousand gallons per year of used turbine engine lubricants 
(1-5). The potential for contamination of the collected lubricants, particularly with halogenated 
compounds such as degreasing solvents and other fluids, reduces the effectiveness of a previously 
developed reclamation process, In this project, the feasibility of using two different thermalIFT-IR 
analysis methods in combination with advanced data analysis techniques to detect contamination in used 
turbine engine lubricants was investigated. The first method, TGIFT-IR combined with advanced data 
analysis routines, was shown to be capable of detecting the presence of several different types of 
contaminants in synthetic lubricants at  concentrations of about 5%. It  was demonstrated that data 
analysis routines based on factor analysis (SIMCA) and neural networks could be used for identifying 
the presence of a contaminant. The second method, TGlsecondary oxidation/FT-IR, was developed 
specifically for detecting trace levels of chlorinated contaminants in lubricants. Optimization of this 
method using existing instrumentation led to a detection limit of about 300 ppm (wlw) organic chlorine 
in the lubricant. Further improvements in hardware and software components could lead to detection 
limits o f 4 0  ppm. This instrumentation could also be used to characterize used motor oils, cooking oils 
or pyrolysis oils. 

INTRODUCTION , 
The Dalton Process is a proprietary process for reclaiming synthetic ester based turbine lubricants (MIL- 
L-7808 and MIL-L-23699) for reuse (l,3,4). Under controlled collection of the used lubricants, this 
process has been shown to give as high as 95% yield of virgin lubricant (4). However, contamination of 
the used lubricants greatly reduces the yield of the reclamation process, and since supervised collection 
of used lubricants is  not feasible, methods are required to rapidly determine the presence of unacceptable 
levels of contamination. Likely contaminants are volatile hydrocarbons in the form of kerosene type 
turbine fuels, domestic paraffins, petroleum naphthas, and chlorinated degreasing agents such as 
trichloroethylene. Previously used methods of identifying contaminated lubricant samples involved 
classifying the samples on the basis of appearance and odor (normal or abnormal), and subjecting the 
samples to a series of analytical tests in order to determine parameters such as volatile contaminant 
content, volatile hydrocarbon content, mineral oil content, and foaming propensity (3). The results of 
these analyses were used to specify whether a used lubricant sample was suitable for reclamation, A 
more rapid and objective method of classifying used lubricants and related materials is needed. 
Thermogravimetric (TG) analysis combined with Fourier Transform Infrared (FT-IR) analysis of evolved 
products has been used at Advanced Fuel Research, Inc. (AFR) and elsewhere for characterization of a 
variety of hydrocarbon materials (6,7). The objective of the current study was to investigate the 
application of TG-FTIR methods for the evaluation of lubricant contamination. 

The successful development of a TG-FTIR based lubricant evaluation instrument would allow non- 
technical Air Force personnel to rapidly and reproducibly determine whether used lubricants are suitable 
for reclamation or reuse. This type of instrumentation would also find several uses in the commercial 
sector. These include analysis of used motor oils and of oils produced from post-consumer plastics. The 
processing of corn oil and conon seed oil often results in the contamination of residual "soapstock" with 
chlorinated hydrocarbons, which prevents recovery of the useable oil through acidulation. The recovery 
of useable motor oil by supercritical fluid extraction is currently being evaluated. The value of the 
recovered oil is directly related to the amount of residual organochlorine in the extract. 

EXPERIMENTAL 

Sample Selection and Preparation 

The Air Force provided two types of synthetic turbine lubricants (MIL-L-7808 and MIL-L-23699) from 
two different sources (Mobil and Hatco). The contaminants of primary interest were halogenated 
compounds, therefore, three chlorinated compounds were selected as representative contaminants for 
this work: trichloroethylene (TCE), dichloromethane, and ortho-dichlorobenzene (0-DCB). Other 
contaminants of interest included fluids that could routinely be found at an Air Force base and could 
potentially contaminate the used lubricants. A set of representative fluids was collected from commercial 
sources. These included methanol, motor oil (Castrol GTX IOW30), hydraulic jack oil (Gold Eagle), 
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brake fluid (Prestone), turbine fuel (Jet A), diffusion pump silicone oil, and Dow-Corning silicone oil 
(DC-200). The primary constituents of these fluids are given in Table I .  

Table 1. List of the lubricants and contaminants analyzed. 

I I 
Type of Fluid Primary Constituents 

MIL-L-7808. MIL-L-23699 OOIVOI esters I 
motor oil, hydraulic oil I mineral oils 

brake fluid polyalkylene glycol ethers I 
DC-200 silicone oil I Dolvdimethvlsiloxane II 

A preliminary spectral analysis revealed that the MIL-L-7808 and MIL-L-23699 lubricants were quite 
similar. Consequently, further study was limited to the Mobil MIL-L-23699 lubricant. The samples 
analyzed included the pure lubricant, the pure "contaminants," and the lubricant spiked with a known 
amount of a given contaminant, The spiked samples were prepared by pipetting the required volume of 
the contaminant into a graduated cylinder and topping off with the lubricant. In order to minimize errors 
due to loss of volatile components, each sample was prepared immediately prior to analysis. 

Lubricant Analysis Studies 

TGIFT-IR Instrument - The combined thermalIFT-IR analysis technique is an extension of the 
TGIFT-IR (thermogravimetric analysis with FT-IR analysis of the evolved species) instrumentation 
developed by AFR and sold commercially by Bomem, Inc. as the "TG/Plus". The details of the 
TC/FT-IR method and instrumentation have been described previously in the literature (6-8), but a brief 
description will be given here. The apparatus, illustrated schematically in Figure I ,  consists of a sample 
pan suspended from a balance within a furnace. A< the sample is heated, the evolving volatile products 
are carried out of the furnace by an inert gas stream directly into a 5-cm diameter multi-pass gas cell 
(heated to 1 S O  "C) for analysis by FT-IR. Spectra are obtained at specified time intervals in order to 
quantitatively determine the evolution rate and composition of the evolved products. The sample can be 
subjected to programmed temperature ramp rates between 3 'Clmin and 100 'Clsec, with a temperature 
range of20 to 1000 'C. The system monitors the time dependent evolution of specific gases, the heavy 
liquid evolution rate and its infrared spectrum with identifiable bands from the functional groups, the 
mass loss during the run, and the mass of the non-volatile residue remaining at the end of the run. An 
analysis of C, H, N and S in the residue can be obtained at the end of the pyrolysis experiment by 
introducing oxygen and analyzing the combustion products. 

T G m - I R  analysis of lubricant samples - Two specific problems were encountered during the 
TGIFT-IR analysis of the synthetic lubricant samples (9). It was found that the lubricant samples 
volatilized very rapidly, thus resulting in a high concentration ofaerosol in the FT-IR gas cell. The high 
aerosol concentration resulted in significant scattering, and therefore the spectra appeared to be distorted. 
Additionally, the sample condensed on the quartz tube between the furnace and the flow cell, and then 
revolatilized as the furnace reached a higher temperature. This limited the ability to correlate between 
the FT-IR data and the TC balance data. A method was developed that would result in slower evolution 
ofthe sample in order to improve the results. The lubricant was adsorbed onto pre-pyrolyzed sand and 
was crimped in a stainless steel boat. This was found to significantly slow the rate of evolution of the 
lubricant, and also limited the condensation of evolved products. 

Using this sample introduction method, several samples were run in the standard TGiFT-IR mode using 
a temperature profile with a ramp rate of 30'C/min and a sample size of about 10 mg. The samples 
included the Mobil23699 lubricant, the contaminants listed in Table I ,  and the lubricant spiked with the 
contaminants (usually at a concentration of 5%). The spectra obtained during the runs were then 
converted to a format compatible with Spectra Calc data processing software (Galactic Industries, Salem, 
NH) for further analysis. 

TGIsecondary oxidat iom-IR analysis of lubricant samples - TCiFT-IR with secondary oxidation 
or pyrolysis allows the evolved species to be oxidized or further pyrolyzed before passing into the FT-IR 
gas cell. The secondary oxidization unit consists of a quartz tube through which the evolved species flow 
prior to entering the gas cell. The tube houses a resistive platinum element which is used to heat the 
evolved species to 800-900 'C. A 15 mUmin flow of preheated gas is introduced just prior to the heater; 
helium is used for the secondary pyrolysis mode, and oxygen is used for the secondary oxidation mode. 
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RESULTS AND DISCUSSION 

Detection of General Contamination in Synthetic Lubricants 

SIMCA analysis for contaminants - In the development of a methodology to detect contamination in 
used turbine engine lubricants, the data analysis routine must be designed to answer specific questions. 
If specific contaminants are likely to be encountered, for example, silicone oil, then one could ask "Is 
there any silicone oil in the lubricant?" Then a spectral analysis routine could be developed to look for 
the IR bands characteristic of silicone. The question being asked in this case is more general; "Is there 
anything out of the ordinary in the lubricant?" In this case the spectral analysis routine must be more 
general, and should be capable of not only identifying IR bands that do not arise from the lubricah, but 
also differences in the relative intensities of bands that might also indicate the presence of a contaminant. 
A discriminant analysis technique based on principal components analysis (PCA) was applied to the data 
obtained in order to detect the presence of an unspecified contaminant. 

Several studies have employed PCA, also known as factor analysis, in the development of discriminant 
algorithms, Although PCA and its applications have been thoroughly described in the literature (1  0,l I), 
a brief discussion will be given with an emphasis on its role in discriminant analysis techniques. PCA 
involves decomposing the original data matrix of n spectra by rn measurements (or wavelengths) into a 
matrix of scores, and a matrix of factors, as given by: X = SF f E; where X is the mean-centered data 
matrix, S is the n by a matrix of scores, F is the a by m matrix of factors, and the decomposition was 
carried out to a factors. E is an n by rn matrix that contains the residual values for each spectrum at each 
measurement. The factors are linear combinations of the original measurements and are chosen 
sequentially to represent the directions of maximum variance in the data set. Each spectrum in the data 
matrix has a set of scores that indicate the amount of each factor required to represent the initial spectrum. 
Although the decomposition can be carried out to use all of the degrees of freedom available, usually the 
significant variance in the data set can be represented by a smaller number of factors, and any further 
factors represent only random variations (noise). After decomposition, each of the n spectra in the 
training set can be described by the set of a scores instead of rn measurements (usually with &+I). This 
not only reduces the dimensionality of the data set, but also improves the quality of the data since some 
of the noise is excluded from the primary set of factors. 

Malinowski has discussed the determination of the optimum number of factors, a, that are needed to 
accurately represent the data matrix (IZ,l3). He showed that, for a data matrix that is factor analyzable, 
there exists a primary set of factors that consists of a mixture of meaningful information and error, and 
a secondary set of factors that consists of pure error, or noise. Since it iqthe primary set that is of use in 
chemical analysis, rejection of the secondary set of factors will actually lead to an improvement of the 
raw data set. The problem lies in deciding where to separate the factors into primary and secondary sets. 
For multivariate quantitative calibration (e.& partial least squares), the dependent variables can be used 
to monitor the progress of the decomposition. PCA decomposition, however, does not rely on dependent 
variables; the factors are selected solely on the basis of the variance within the data matrix. Malinowski 
derived several indicator functions which monitor the error via the eigenvalues associated with the factors 
( I  3). The eigenvalues give a measure of the amount of variance represented by each factor. The number 
of primary factors can be determined by starting with the least significant factor, and working backwards, 
until the point where the eigenvalues begin to represent more than the known experimental error. The 
factors beyond this point can be taken to be members of the primary set. 

Once the training set data matrix has been decomposed by PCA, the scores can be used to develop a 
discriminant algorithm, similar to the way in which individual absorbance values can be used. Factorial 
discriminant analysis (FDA), which uses linear discriminating functions, has been demonstrated for 
several applications using NIR and mid-IR spectra (14-16). FDA uses the primary set of factors to define 
the space occupied by the training set. An alternative method, called soft independent modeling of class 
analogy (SIMCA), employs the information contained in the secondary set of factors ( I  7). In SIMCA, 
the spectrum is reconstructed using the primary set of factors, and the residual spectrum is computed as 
the difference between the original and the reconstructed spectra. This is identical to computing the 
residual spectrum using the secondary set of factors but eliminates roundoff errors that can result from 
the small values in the secondary factors. The residual variance for a given spectrum is then computed 
as the sum of the squares of the values in the residual spectrum. An F-test can then be used to compare 
the residual variance for an unknown to the residual variances for the training set in order to statistically 
determine ifthe unknown is significantly different from the training set. Although FDA and SIMCA both 
employ PCA, the basic concept of the two techniques is quite different. FDA compares samples in a 
space that represents the significant variance ofthe training set, while SIMCA compares in the remaining 
orthogonal space. Van der Voet et al. have described these two spaces as inside-model space (IMS) and 
outside-model space (OMS), respectively (18). Both methods have certain merits, but the two are 
certainly suited to different types of applications. For example, FDA is best suited to an application that 
would discriminate against known sources of variation. This allows the PCA to accurately represent the 
space in which the variations will occur. SIMCA however is more suited to identify variations that are 
quite different from the inherent variance of the training set. The work of Gemperline et 01. provides a 
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good example ofthis (19). Using SIMCA they successfully discriminated adulterated pharmaceutical raw 
materials from training sets of pure materials based on NIR reflectance spectra. 

The data that are obtained during a TGffT-IR run differ somewhat from the data typically used in 
discriminant analysis. FT-IR spectra are measured as the components of the sample evolve, and therefore 
spectra obtained during the run can vary widely. Therefore, discriminant analysis in the IMS will not be 
very useful since the variations in the factor space for an uncontaminated sample will be quite large. 
However, if the primary factors accurately represent the species evolving from the uncontaminated 
lubricant, then the presence ofcontaminants in a lubricant should result in evolving species that spectrally 
fall outside of the IMS defined for the uncontaminated lubricant. In this case, a discriminant analysis 
routine that analyzes the OMS (such as SIMCA) should be capable of detecting the presence of a 
contaminant, It is important to note that this approach requires that the contaminant produces evolving 
species that are spectrally different from the species evolving from the uncontaminated lubricant. The 
magnitude of required spectral difference is dependent upon the implementation of the discriminant 
algorithm, and spectral pretreatment will be particularly important. 

SIMCA was evaluated as a method of detecting contamination in used synthetic lubricants on the basis 
of the data collected during a standard TG/FT-IR analysis (no postoxidizer). The spectra obtained during 
a run of an uncontaminated lubricant were used as the training set. First derivative spectra were used in 
order to eliminate the effects of baseline variations resulting from scattering. After selection of the 
spectral region of interest, the mean-centered training set was decomposed, and the number of factors in 
the primary set was determined using Malinowski's IND function (13). The residual variance was then 
computed for each spectrum in the training set and for all the spectra obtained from the runs of all the 
other samples, including the uncontaminated lubricant, various pure contaminants, and various 
"contaminated" lubricants. The residual variance for each spectrum, and the residual variance for the 
training set, were then used to compute the F-statistic using the approach outlined by Gemperline et al., 
( I  9). Gemperline classified samples as members if F was below the 95% level, as non-members i f F  was 
above the 99% level, and as undecided if F was between the 95% and 99% levels. 

An example of the results of the factor analysis is shown in Figure 2. Figure 2a shows a plot of the 
spectra obtained for an uncontaminated lubricant and the residual spectra that result from projecting the 
spectra onto the primary set of factors. In Figure 2b, the spectra and residual spectra are shown for a 
lubricant sample contaminated with 5% polydimethylsiloxane. The large features present in the residuals 
result from spectral features due to the contaminant. Since these features are of larger magnitude than can 
be attributed to noise, this sample is identified as containing a contaminant. Several spectral regions were 
used to develop discriminant analysis routines, and the best general results were obtained using a region 
containing 4000-2450 and 2250-890 cm-'. The 2450-2250 cm-l region was excluded in order to reduce 
the effects of variable CO, evolution profiles, and the region below 890 cm'l was excluded due to the 
presence of large noise spikes. These two regions were found to adversely affect the performance of the 
discriminant routines. 

In Figure 3, the F-values are plotted for lubricant samples contaminated with several fluids. The samples 
with 5% silicone (PDMS) oil and 5% brake fluid are easily identified as contaminated, but the samples 
with S%jet fuel, 5% motor oil, and 5% hydraulic oil all fell in the region where no decision can be made. 
This can be explained by the fact that the silicone oil and the brake fluid both have unique spectral bands 
that result in significant contributions to the residual spectrum, while the spectra ofthe other samples only 
exhibit bands due to C-H vibrational modes which are also present in the lubricant. Since these samples 
are only present at a concentration of 5% the contribution to the residual spectrum is small. This is 
verified by the fact that the sample with 30% hydraulic oil is identified as contaminated. In future work, 
additional spectral pretreatment methods will be investigated in order to magnify the spectral differences 
between the lubricant and these types ofcontaminants. It has been demonstrated by Hasenoerhl et al. (20) 
that pretreatment routines such as variance scaling and feature weighting can vastly improve the 
performance of PCA-based discriminant analysis routines. 

The F-values were also plotted for another uncontaminated lubricant sample and samples contaminated 
with 5% methanol, 5% dichloromethane, and 5% trichloroethylene (TCE) (9). The discriminant analysis 
routine performed well for the uncontaminated sample and the methanol-contaminated sample. The two 
samples contaminated with chlorinated species were not detected as contaminated. This is due in part to 
the fact that the spectral region characteristic of C-CI vibrational modes was excluded in order to limit 
the contribution of extraneous noise spikes. Results from analyses including this spectral region are poor 
due to the presence of these noise spikes, but do indicate that chlorinated contaminants can be detected 
at relatively high concentrations. As discussed below, much more sensitive detection of chlorinated 
contaminants can be achieved by using secondary oxidation to convert organic chlorine to HCI. 

Artificial neural network analysis for contaminants - In the past decade, significant effort has been 
made to develop computing strategies that simulate biological systems. The resulting artificial neural 
networks (ANN) are grossly simple in comparison to biological networks, but are well suited for 
performing tasks such as pattern recognition, cost minimization, etc. (21). A typical ANN is made up 
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of three layers of processing units (nodes) and weighted connections between the layers of nodes. The 
input data is'intrcduced at the input layer and is fed to the hidden layer through the weighted connections. 
Each node of the hidden layer sums its inputs and then applies an activation function to compute its 
output. The outputs of the hidden layer are then processed by the output layer, and their outputs are given 
as the output of the ANN. The function of the network is determined by the activation functions applied 
by the nodes and by the weights of the connections between the nodes. The weights can be strong or 
weak, and positive (excitatory) or negative (inhibitory). Typical activation functions are linear, step, and 
sigmoidal. Once the configuration of the ANN is defined for a given application, and the appropriate 
activation functions are selected, a network must be trained to perform the desired task. This is analogous 
to "learning" in a biological system. The usual method involves introducing training data to the ANN 
and comparing the output of the network to the correct or desired output. The error is then propagated 
back through the network in order to adjust the weights. This process is repeated until the error level falls 
below an acceptable level. 

Recent applications of ANN technology to infrared spectral data fall into two primary classes: I )  
multivariate quantitative analysis, and 2) classification. The primary advantage of ANNs for the 
development of quantitative models lies in the inherent capability to model nonlinearity. Classification 
networks applied to spectral data take advantage of the capability of ANNs to handle complex pattern 
recognition problems. Expert systems have been developed which employ ANNs to determine the 
functional groups present in a compound on the basis of its infrared spectrum (22). More specific 
classification networks have also been developed. Examples include sorting plastics encountered at a 
recycling plant based on their infrared spectra (23). and classifying woods as either hardwoods or 
softwoods on the basis of their FT-Raman spectra (24). These results are very promising and are 
indicative ofthe potential of using ANNs with spectral data to develop powerful classification techniques. 

In order to investigate the potential of using a classification network to detect the presence of 
contaminants in synthetic lubricants, several networks were trained to recognize the presence of. 
chlorinated solvents in the evolved species from a TGIFT-IR run. Training of the networks involved 
presenting examples of spectra from uncontaminated and contaminated runs. In order to provide a more 
general set of "contaminated" spectra, library spectra of dichloromethane and trichloroethylene (TCE) 
were added to the spectra obtained from the uncontaminated run. 

Networks were developed and trained using the Neuralworks ANN development package Weural Ware, 
Pittsburgh, PA) in conjunction with custom C routines for data preprocessing and presentation. The 
network was trained using spectra from a TGRT-IR run for an uncontaminated sample and spectra from 
the same run artificially spiked with library spectra. This was accomplished by writing a C program that 
presented either a spiked or unspiked spectrum to the network during training. The program was 
interfaced directly to the ANN development software in order to allow computation of new spiked spectra 
on the fly during training. At the beginning of each presentation, the program randomly chooses to 
present either a spiked or unspiked spectrum. If a spiked spectrum is to be presented, then a random 
fraction of a library spectrum is added to a randomly selected spectrum from the TGIFT-IR run. This 
presentation method allowed the training data to represent a large range of potential contamination 
conditions. Before presentation to the network, spectra were preprocessed with a Fourier filter routine 
to remove low frequency baseline variations and some of the high frequency noise, and the spectra were 
then normalized to unit vector length in order to give all spectra equal importance. 

Figure 4 shows the prediction results from a network trained as described above. A network output of 
1.0 indicates the evolution of a contaminant, and an output of -1.0 indicates that no contaminant is 
evolving. Figure 4a is the result for an uncontaminated lubricant run. While this result shows excellent 
prediction, this is the same data used to train the network, and therefore does not significantly 
demonstrate generalization. In Figure 4b, the result is shown for a TGIFT-IR run of a lubricant 
contaminated with TCE: The TCE evolving from 1-8 minutes is clearly identified as a contaminant, and 
the remainder ofthe run is accurately identified as uncontaminated. This result clearly demonstrates both 
the ability of the network to detect contamination and the ability of the network to generalize, i.e., 
accurately predict the uncontaminated portion of the run. The plot shown in Figure 4c shows the result 
for a TGIFT-IR run of a lubricant contaminated with dichloromethane. While the network clearly 
identified the contaminant evolving from 1-10 minutes, it did not successfully predict the absence of 
contaminant during the later part of the run (45-70 minutes). This indicates that the network may 
produce false positives in the prediction of contamination. 

Continuation of ANN development in future work will address the problem observed in Figure 4c. 
Further investigation of preprocessing routines should provide a solution to this problem. Additionally, 
other ANN architectures will be investigated. While the networks developed to date do not perform as 
well as desired, the results discussed above are promising, and indicate that further investigation may 
provide a powerful methodology for detecting contamination in synthetic lubricants. 
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contaminant 

SUMMARY AND CONCLUSIONS 

In this work, the feasibility o f  using two novel thermal/FT-IR analysis methods in combination with 
advanced data analysis techniques to detect contamination in used turbine engine lubricants was 
demonstrated. The first method, TGffT-IR combined with advanced data analysis routines, was shown 
to be capable of detecting the presence of different types o f  contaminants in synthetic lubricants at 
concentrations of about S%, and this sensitivity could probably be increased to about I %  with software 
and hardware improvements. It was demonstrated that data analysis routines based on factor analysis 
(SIMCA) and neural networks could be used for identifying the presence of a contaminant. The second 
method, TGkecondary oxidation/FT-IR, was developed specifically for detecting trace levels of 
chlorinated contaminants in lubricants. Optimization o f  this technique using existing instrumentation led 
toa detection limit ofabout 300 ppm (w/w) organic chlorine in the lubricant. Further improvements in 
the hardware and software components could lead to detection limits of 4 0  ppm. 
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4 7 %  Computer 

Figure I. Schematic diagram of the standard TG/Fl'-IR instrument. The sample is 
suspended from a balance in the furnace, and, as the sample is pyrolyzed, the evolving 
species a re  swept into the  FF-IR gas cell. The instrument was modified to include an 
oxidation mne before the gas cell. 

I 

68 



Raw Svectra 

1 I Uncontaminated "1 a 

4doo so00 2600 1000 
Wavenumbers (cm-l) 

SDectral Residuals 

.O 

" I  

1400 1200 1000 
Wavenumbera (cm-!\ 

Lubricant with 
5% Silicone Oil .02 

0 

-.02 

4000 3000 2000 1000 
Wavenumbers ( c d )  Wavenumbers (cm-l) 

Figure 2. Examples of SIMCA analysis for TG/FT-IR rum of a) uncontaminated lubricant 
and b) lubricant with 5% polydimethyl siloxane. The raw spectra from the run are shown 
on the left, and the residual spectra resulting from projection onto the primary factors are 
shown on the right (note the expanded scale). 
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Figure 3. Results of SIMCA analysis for contamination in used synthetic lubricants. The 
F-values are plotted versus time for TGIFT-IR runs of lubricant samples contaminated with 
various fluids likely to be encountered at  an Air Force base. 
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Figure 4. Neural network based prediction of chlorinated contaminants evolving 
during TG/FT-IFt runs. A value of 1.0 indicates the presence of contaminant and -1.0 
indicates the absence of contaminant. a) uncontaminated Mobil23699; b) trichlom- 
ethylene contaminated Mobil23699; c) dichloromethane contaminated Mobil23699. 
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Figure 5. Spectra obtained during TWsecondary oxidation/FT-IR analysis of a 41.2 mg 
sample of lubricant spiked with 0.63% o-DCB. The scale is expanded in the plot on the 
right to show the evolution of HC1. 
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MESOPOROUS ZEOLLTE CATALYSTS USING TGA AND DSC 
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ABSTRACT 

Thermal gravimetric analysis (TGA) and differential scanning calorimeW @SC) were applied for characterizing the 
acidic propwties of microporous and mesoporous zeolite catalysts through temperatureprogrammed desorption (TPD) 
of n-butylamine (n-BA) as a base probe molecule. A flow system was designed with heating and evacuation capability 
for preparing the n-BA adsorbed sample, In the TGA, n-EA desorption at different temperatures represents the 
interaction with stnface acidic sites of different strength. The acid sites corresponding to base desorption at 1O0-24OoC, 
240-34OoC, and 340-5OO4C, were classified as weak. intermediate, and strong acid sites, respectively. DSC indicates 
the endothermic nahue of the differential thermogravimeuic peaks (observed from TGA) in the above temperature 
regimes, confming the TPD data. The microporous zeolites examined include tbree proton-form mordenites, lhree 
proton-form and metal-ion exchanged Y-zeoliles. and four noble metal catalysts supported on mordenite and Y-zeolite. 
Four mesopomus zeolites were synthesized and examined by the same TPD method. Both the total acidity (mmoVg) 
and acid strength disuibution depend on the zeolite type, SUA1 ratio, and metal loading. Ni and La ion-exchange 
decreased the strong acid sites. PI and Pd loading on an HY decreased the swng acid sites but their loading on an H- 
mordenite had little effect on its smng acid sites. Mesoporous zeolites showed lower acidity and lower fraction of 
smng acid sites compared to HY and H-mordenim. However, the acidity of mesoporous zeolites strongly depends on 
the aluminum source compounds used in the hydrothamal synthesis of the zeolites. 

INTRODUCTION 

Recently. we have initiated a major effort in exploring microporous and mesoporous zeolite catalysts for conversion of 
polycyclic hydrocarbons related IO fuel processing and shape-selective catalysis [Song and Kirby, 1994; Song and 
Moffatt. 1994; Schmitz and Song, 1994, 1995; Lai and Song. 1995; Reddy and Song, 1995a.b.c; Lai et al., 1995; 
Schmitz et al., 19951. For a wide range of fuel processing reactions and shape-selective reactions, zeolite acidity is a 
key factor affecting activity and selectivity. In the present work, we attempt to characterize the acidic properties of 
mesoporous and microporous zeolites using thermogravimeuic analysis (TGA) and differential scanning calorimetry 
PSC). 

Base molecules adsorb on Bronsted and Lewis acidic sites of solid surface, and can be removed by thermal desorption 
at elevated temperatures. The desorption temperature depends on the strength of the interaction between the base and 
the surface acidic sites. A widely used technique for characterizing the acidity of solid surface is temperature- 
programmed desorption of a base (e&. ammonia) using thermal conductivity detector [Femandes et al., 1994; Hunger 
and Szombathely, 19941. However, acidity characterization can also be carried out using several other techniques, 
including infrared specaOscopy [Cannings, 1968; Letiancois and Malbois, 1971; Ward, 1976; Makarova et al., 19941, 
nuclear magnetic resonance [BIuMer et al.. 19941, TGA [Ghosh and Curthoys, 19841, and calorimeuy [Chen et al., 
1992; CardOna-MaRineZ and Dumesic, 1992; Parrillo et al., 19941. 

In this paper, we "port acidity characterization of zeolites by temperature-programmed desorption of n-butylamine (n- 
BA) using TGA and DSC as detector. There are two advantages of using n-BA with TGA detection. The f is t  one is 
that compared to NH3. n-BA is closer in size and length to hydrocarbon molecules, and the acid sites detected by n- 
BA desorption may be practically more useful. The second is that using a higher-molecular-weight base (relative to 
NH3) can enhance the sensitivity of the TPD conducted on TGA. since ' E A  is not as sensitive as TCD. However, 
these advantages do not come without problems. Possible problems are n-BA decomposition at high temperatures 
IGhosh and Curthoys, 1984) and l i e ly  slower diffusion compared to that of ammonia. Nonetheless, n-BA has been 
found lo be a useful probe molecule for acidity characterization of zeolites. 

EXPERIMENTAL 

Microporous Zeolites 
m e  mimporous zeolites examined in this work include three hydrogen mordenites (HMLB, HMZOA, and HM30A), 
hvo noble metal loaded mordenim (WHM30A and Pd/HM30A). and two sets of Y zeolite-based catalysts: the f i s t  set 
includes a hydrogen Y zeolite (HY-I with Sio2/A12O3 molar ratio of 4.8) and two metal ion-exchanged Y zeolites 
(LaHY and MHY); the second set includes another hydrogen Y-zeolite (HY-2 with SiCQ/Al203 molar mi0 of 5.0) 
and two noble metal-loaded Y-zeolites (PVHY and Pd/HY). The three H-mordenites (HML8, HM20A, and HM30A) 
with different Si@lA1203 molar ratios (17, 21, and 38. respectively) were prepared by beat treatment of three 
commercial ammonium mordenite samples ILai and Song. 1995; Schmitz et al., 19951. The noble metal-loaded 
zeolites (PUHM30A. Pd/Hhi30A, PVHY, P m Y )  were prepared by incipient wemess impregnation from aqueous 
SOlUtiOn of platinum and palladium salts: aqueous H2PlC16 solution and aqueous PdCl2 dissolved in hydrochloric acid 
(H2PdC4). The noble metal loading on the suppart was nominally 6 wt%. The metal-loaded c;ualysts were calcined 
in air at 450 'C for 2 h after being dried in a vacuum oven. The lhree Y zeolites (HY. LaHY, and NiHY) were 
pnpared according to the procedures described elsewhere [Song and Moffau, 19941. More details on the prepamion 
and properties of the catalysts are desnibed elsewhere [Song et al., 1991; Schmitz and Song, 19951. 

Mesopomus Zeolites 
The mesoporous materials were synthesized according to the procedure described elsewhere [Reddy and Song, 1995bl. 
Briefly. tbe mesoporous zeolites were synthesized from a mixture of reactants with the following composition: 
50Si02-xA12034.32Na20~2.19(TMAh0-15.62(~)Br~3165H~O where x=LO and 2.0. The organic template 
from the as-synthesized solids was removed by calcining the samples in a tubular furnace at 550 "C for one hour in 

k 71 



nitrogen and 6 hours in air flow. The calcined samples were ion-exchanged with ammonium n i w  (0.5M) at 90°C. 
The protonated form was then obtained by calcining these ammonium ion-exchanged samples at 480 "C for 3 hours. 
More details for synthesis and spectroscopic characterization may be found elsewhere [Reddy and Song, 1995bI. 

TGA and DSC of lase-Saturated Samples 
The acidity of catalysts were characterized by the temperature-programmed desorption of a base using 
themogravimetric analysis (TGA) in combination with differential scanning calorimeuy @SC). n-Butylamine (n- 
EA) was chosen as the base for adsorptiondesorption study; it was obtained from Aldrich Chemical Company and 
was used as received with a purity of 99+%. 

For the preparation of n-EA adsorbed samples. we have designed a flow system with beating and evacuation 
capability. where a given zeolite was degassed in vacuo at 4oo"C, mled to rMlm temperature, and then exposed to n- 
EA vapor in flowing ul--high purity nitrogen for 1 hour; N2 with a flow rate of about 100 cm3/min was used as a 
carrier gas. The base-saturated catalyst was then Uansferred lo TGA or DSC for analysis. 

The desorption experiments were carried out with base-saturated catalyst contained in an uncovered alumina crucible 
using Mettla TG50 thermogravimetric balance. Samples of about 10 mg were used in each measurement and a purge 
gas (N2) flow of 200 cm3/min at room temperature was used. Before the (hemal analysis was started. the base- 
saturated sample was kept at 30 "C for 30 minutes with purge flow to remove physisorbed n-BA. The desorption 
Iemperature was programmed from 30 to 600 "C at a heating rate of IO 'Chin, and the decrease in weight with 
increasing temperam was monitored. TGA and DTG (differential thermogtavimeuy) dam were then obtained. 

The desorption was also carried out in a differential scanning calorimeter using Melller Model DSC 27HP. About 7.5 
mg Of each of the catalysts was placed in an unmvered standard aluminum crucible (40 mL), and was heated from 30 
lo 600 "C at a rate of 10 oUmin with an initial isothermal time of 30 min. The system was continuously purged with 
100an3/min0f~2.  

RESULTS AND DISCUSSION 

Figure 1 shows the TGA and DSC profiles of temperature-programmed desorption of n-EA from HY (HY-I). DSC 
curve shows only endothmic peaks: a low-temperature peak near 100 "C:,a shallow peak near 200 "C, a large peak at  
40.5 "C, and a shoulder near 440 "C. DTG shows s i m i i  results except lhat the peak near 100 "C is not as clear as that 
in DSC. It can be seen that for HY the results from DTG compared fairly well with that from DSC. The peak near 100 
"C may be due to the desotption of physisorhed n - B q  and n-BA adsarb& on weak acid sites. As another possible 
contributing factor, m e  amount of water might have readsorbed on the base-covered catalyst. However, prior to n- 
BA adsorption. the previously calcined catalysts were further thermally pretreated in situ under vacuum to remove 
moisture, then covered and saturated with base in situ, and transferred to TGA in a closed vial. Thus only the base- 
saturated sample is exposed to air during sample unloading from the adsorption apparatus and loading into the TGA 
cell. On the other hand, the high-temperature peaks above ca. 300 "C are attributed to n-EA desorption from acid 
sites. Stronger acid sites desorb the base (n-BA) at higher temperarurCs. Thexefare, the n-BA desorption at different 
temperafures conesponds to the surface acidic sites with different acid strength. 

The surface acidic sites comespoilding to TGA-derivd weighl loss due IO base desorption at 100-24O'C. 240-34OoC, 
and 340-500°C. were classified as weak, intermediate, and strong acid sites. respectively. DSC indicates the 
endothermic nature of the differential thermogravimeuic (DTG) peaks, confming the TPD data obtained using TGA. 
11 was assumed that the weight loss below 100 "C (about 1-1.5 weight % of the saturated catalysts) was due to the 
desorption of physisorhed base. and thus only the amount of n-EA desorbed above 100 "C was considered in the 
calculation of acidity. The low temperature range of 100-240"C was chosen to represent weak acid sites based on the 
report of Ghosh and Curthoys [19841. The temperature limit was set at 500 OC because it was suggested that the 
weighl loss above 500 "C may also be due to the dehydroxylation of the catalysts IGhosb and Cunhoys. 19841. 

Acidic Characteristics of Microporous Zeolites 
llie DSCand TGA curves of n-EA desorption are presented in Figure 2 for HY (HY-I) and metal-ion exchanged Y 
zeolites (and HMZOA), and in Figure 3 for mordenites and noble metal-loaded mordenile catalysts. On the basis of 
Figures 2 and 3, the weight losses (due to n-BA desorption) from Y-zeolite catalysts are greater lhan those for the 
mordenites at all temperatures. indicating that the Y-zeolites have both more acid sites and higher acid snength than 
the mordenites. 

Among the three Y-zeolites (HY, LaHY, NiHY), LaHY has slightly more weak sites than the other two, but it has 
fewer strong sites than HY. HY has more strong acid sites judged from the enormous endothermic heat flow (Figure 2, 
dght) and sharp weight loss (Figure 2, left) in the 340-500 "C range. NiHY has similar amount of weaker sites but 
much fewer strong sites than HY and LaHY (Figure 2. left). Among the mordenite based catalysts, HMLB only 
possesses a small number of weak sites. in fact the least among the eight catalysts; however, it has similar amount of 
strong sites as HM30A has, although they have different Si02/A12@ ratio. 

We also compared two sets of  metal-loaded Y-zeolites prepared by impregnation. Their n-EA TPD profiles are 
presented in Figure 4. The meal loaded Y zeolites (PVHY, P M )  give almost linear weight loss curves, devoid of 
the rapid weight loss at 340-500°C which is apparent with HY (HY-2, Figure 4, left). One explanation for this 
behavior is that the metal particles preferentially attach to the suppon at strong acid centers, Metal-support 
interactions of this nature may explain why Group VIII metah on acidic zeolites, e s p e ~ d l y  on HY, are known to be 
electrondeficient [Stanislaus and Cooper, 19941. A second possibility is that metal panicles prevent n-EA from 
diffusing onto smng acid sites by blocking the channel. 

PdlHM38 (identical to Pd/HM30A in Figure 3) and PVHM38 (identical to W 3 0 A  in Figure 3) give TPD profiles 
that are simii to each other. In this Case. the presence of metal does not significantly impede diffusion of n-BA. It is 
possible tbat a significant paion of the metals reside in the mordenite side-pocket chaanels (dimensbn 2.9 x 5.7 A) 
that run perpendicular to the main channels. The two noble metal loaded mordenites bave quite s i m i i  acidity. and 
they possess fewer strong sites than HM30A. 

Tables 1-3 summarize the acidity Of the microporous zeolite catalysts de t edned  from the amount of n-BA d e s o r w  
(from the TGA measurements) at three temperature ranges (100-240,240.340, and 340-500 "C). F m  Tables 1 and 2. 
tbe total acidity of the caralysrs decreax in the following order: HY > LaHy > NiHY > WHY Pmy > WOA > 
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HM30A > PdMM30A - Pt/HM30A > HML8. Table 3 shows that the reproducibility of the TPD data is reasonably 
good. 

Table 1. Acidity of Y-zeolites from n-BA TPD (Acidity Unit mmoVg) 

cat m W(1) b H Y  NiEY W(2) WHY P l u m  
All No. HY-1 LaHY-1 NiHY-I HY-2 M Y - 2  PmY-2 

100-240 0.79 0.97 0.76 0.88 0.63 0.60 
240-340 0.49 0.48 0.51 0.52 0.49 0.44 
340-500 1.85 1.32 0.84 1.50 0.63 0.66 

Toral,mmoYn 3.12 2.77 2.11 2.90 1.75 1.71 

T range. "C 

Table 2. Acidity of M-mtes from n-BA TF'D (Acidity Unit mmollg). 

cat m HMul HMZOA H M M A  P1RIMMA PdflIM30A 
AltNo. HM17 AS+WL HM21 AS+WL HM38 AS+WL Pt/HM38 P W 3 8  

100-240 0.19 0.56 0.75 0.68 0.62 
240-340 0.10 0.17 0.15 0.18 0.17 
340 - 500 0.57 0.80 0.61 0.44 0.51 

Tota4mmoYg 0.86 1.53 1.51 1.30 1.29 

T range, "C 

Table 3. Reproducibility of the Acidity Data (mmoYg) from n-BA TPD on TGA 

cat m FIMLS HMLa HMZOA HMZOA HMMA HMNA 
AltNo. HM17WL HM17AS HM21WL HM21AS HMlRWL HM38AS 

T range, OC 
100-240 0.20 0.19 0.56 0.56 0.69 0.81 
240-340 0.09 0.10 0.16 0.18 0.13 0.16 
340-500 0.56 0.57 0.82 0.78 0.63 0.59 

Total, mmoYa 0.86 0.86 1.54 1.52 1.45 1.56 

Acid Characteristic8 of Mesoporous Zeolites 
Mesoporous molecular sieves of Ma41 type represent a new family of crystalline materials, and kir synthesis has 
been made possible recently by Mobil researchers [Kresge et al., 1992; Beck et al., 19921. The mesoporous zeolites 
(aluminosilicates) of MCM41 type are of particular interest because their uniform pores can be tuned in the range of 
15 to 100 A. Several research groups bave reponed the synthesis of mesoporous zeolites [Chen et al., 1993a.b; Corma 
et al.. 1994; Borade and Clearfield. 1995; Reddy and Song, 1995a,h.c]. 

We have synthesized mesoporous zeolites. and found that tbe catalytic propenies of the MCM41 zeolites depend on 
the type of AI source compounds used for their synthesis [Reddy and Song, 1995bl. Here we compare the acidic 
propenies of MCM41 type mesoporous zeolites synthesized using alumina (pseudo boemite), A1 sulfate. AI 
hpropoxide, and sodium aluminate. 

Figure 5 and Table 4 show the TGA results for TPD of n-BA from @e mesoporous zeolites synthesized with feed 
SiO2/Al2% molar ratio of 50 using four different AI source compounds. From the weight losses due to n-butylamine 
desorption, it is clear that MCM-41 samples prepared with aluminum isopropoxide and aluminum sulfate adsorbed 
more n-BA (about 18 ~ 1 % ) .  whereas the sample prepared with pseudo boehmite adsorbed less n-butylamine (about 10 
~ 1 % ) .  These results indicate that fust two samples adsorbed more base, hence hey  are more acidic than the last one, 
wbicb confiis  that aluminum inmqmtion is beaer for the fust two samples. The better Al incorporation was also 
verified by solid-stale NMR and XRD. as reponed elsewhere (Song and Reddy. 199%). The highest amount of n-BA 
was desorbed fmm the mesoporous zeolite prepared from sodium aluminate. in both the 100-24OT and the 340-50O0C 
ranges. It seems that this mesoporous zeolite 
Si02/A1203 molar ratio of 50) examined. 

has the higbest acidity among the four simples (synthesized with 

Table 4. Acidity of M e s q m u s  Zeolites Determined from Desorption of n-Butylamine 

Acidity (mmoUx) of MCM41 
Acid Strength PB2(44)' ' ASZ(87)' AI2(47)' SA2(49)' n-Butylamine Desorption 

Temperature r C )  

100-240 W&b 0.81b 1.27b 0.&lb I . U b  

0.17 0.25 0.16 210-340 Intermediate 0.06 

340-500 strong 0.10 0.29 0.32 0.42 

0.97 1.73 1.41 2.42 Total acidity 
a vdues in the parentheses indicate Si@/AI203 mok ratios of tbe samples synthesized using PB bseudo boehmite), 
AS (Al sulfale). AI (AI isopropoxide) and SA (sodium aluminate). 

A portion of the n-BA desorbed at lOO-%lO"C may be due to physical adsorption. 
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P l p m  4. TGA-derived n-BA TF’D fmm Pt- m d  Pd-losded Y-mliIc Oeh, Hy-2)  and Pt- and Pd-loaded mordenite &ySW (right). 
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Figure 6 compares the n-BA TPD profde of a proton-form mesopomus zeolite (synthesized using AI isopkpoxide ?/ 
with feed Si@/Al203 molar ratio of 50) with those of a H-Y zeolite (HY) and a H-mordenite (HM30A). our 
p r e l i m i i  TPD results indicate that compared to a hydrogen Y-zeolite (SiO2/Al203: 5 )  and a hydrogen mordenite 
(SiO2/Al203: 38), there are less number of strong acid sites in the MCM-41 samples. In terms of the relative amoUnt 
of n-butylamine desorption in the temperature range of 340-500°C. the qualitative order of acidity is HY > HM > 
protonated MCM-11. From Figure 6, it appears that the amount of the n-BA desorbed from MCM-41 below 200 "C is 
much higher than that from either HY or HM. The higher amount of low temperature desorption compared to 

and larger sorption capacity which lead to more n-BA physical adsorption, and 3) the easier out-of-pore diffusion of n- 
BA from mesopores which are not readily available in micmpomus zeolites. 

00 Ihe basis of the above discussion, a question that arises is whether all the n-BA desorption a IOD-2.Io"C is really 
due to weak acid sites in the case of mesoporous zeolites. Figure 7 shows DSC profiles of a mesoporous zeolite 
(synthesized using sodium aluminate with feed Si02/A1203 molar ratio of 25) with and without initial N2 flushing 
@urge flow). The initial N2 flushing affects the n-BA desorption at low temperatures (4!ZO°C). but does not affect 
the n-BA desorption at high temperatures. Figure 8 shows DSC profiles of two mesoporous zeolites (synthesized 

with AI in tetrahedral CoordinaYion, the zeolite with higher SYAl ratio should have lower acidity. As shown in Figure 
8, increasing SYAI ratio decreased the high-temperature DSC peak as expected However, the effect of SUA1 ratio on 
the low-temperatme peak appean to be significantly less compared to that on the high-temperature DSC peak. These 
results suggest that the low-temperature DSC peak with the mesoporous zeolites is partly due to physical sorption. 

i 

mordenite could be due to several facton: I)  larger number of acid sites with low acid strength, 2) larger pore volume i 

r 

using sodium aluminate with feed Si@/A1203 molar ratios of 25 and 50). Since the acidity of zeolites is associated ,' 

Summary 

TGA and DSC are useful techniques for characterizing acidic properties of microprous and mesoporous zeolites by 
temperature-programmed desorption of n-BA. The desorption of n-BA at different temperatures represents its 
interaction with surface acidic sites of different acid strength. Base desorption at 100-Z.40°C, 24O-34O0C, and 340- 
500°C. was classified as weak, intermediate, and strong acid sites, respectively. DSC indicates the endothermic name 
of the DTG peaks (Observed from TGA) in the above temperature regimes. confming the TPD data. However, 
desorption of pbysisorbed n-BA may also conuibute lo the peak in the 1 0 0 - W C  range. 

For the microporous zeolites (Y and mordenites) examined, both the total acidity (mmoUg) and acid strength 
distribution depend on the zeolite type, S U M  ratio, and metal loading. Among the wee proton-form mordenites. no 
linear correlation between their acidity and their Si/AI ratio was observed. Ni and La ion-exchange of HY decreased 
the strong acid sites. F't and Pd loading by impregnation on HY decrrased the strung acid sites but their loading on an 
H-mordenite had little effect on its strong acid sites. 

Mesoporous zeolite samples of MCM-41 type prepared using different aluminum sources do show acidity in their 
proton-form. Mesoporous zeolites show lower acidity and lower fraction of strong acid sites compared to HY and H- 
mordenites. However, the acidity of mesoporous zeolites strongly depends on the aluminum source compounds used 
in the hydrothermal synthesis of the zeolites. The acidity measured by n-BA desorption at 240-500°C decreases with 
respect to the AI Source in the following order: sodium aluminate > AI isopmpoxide > AI sulfate > pseudo boemite. 

. , ,. ' . ' 
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ABSTRACT 

S0,2--ZrO2 is considered to be a superacid catalyst. The metal promotion on sulfated zirconia has 
been shown to enhance the stabilities of the catalysts. The activation of these catalysts involves 
complex chemical changes. In the present investigation, a simultaneous TGNS technique was 
utilized to investigate the weight loss and to monitor the chemical compounds that evolve under 
controlled heating in different environments. Some insight of the activation mechanism of the 
catalysts was thus obtained. The evolution of HCI and CI, were well identified according to the mass 
ratio of C1 isotopes. The evolution of SO, and SO showed a continuum beyond 900°C which 
corresponds to the TG results. This indicated SO: is present in the solid in a variety of structures. 
The samples were also analyzed in STD (TGA-DTA). The results show so farsulfate ion is the most 
efficient species to retard the phase transformation process of zirconia. 

INTRODUCTION 

Solid oxide catalysts have been widely used in petroleum refineries for skeletal isomerization of n- 
paraffins and to isomeric alkanes to produce oxygenates, which are important components of 
automobile fuels. Among the solid oxide catalysts, zirconium oxide (Zdd is claimed to be the only 
oxide catalyst that bas acidic, oxidizing and reducing properties. The discovery by Tanabe and 
Hattori of the superacidic properties of sulfuric acid treated zirconium oxide (ZrOJSO,Z-), the acidity 
of which was estimated to be as high as &<-14.5 by the adsorbed H m e t t  base technique, has given 
a new impulse to solid catalysis.’ Sulfated zirconia was obtained by immersing hydrous ZrO, catalyst 
powders in a sulfuric acid solution. Such sulfated zirconia catalysts have exhibited superacidic 
properties and show high activity for isomerization of hydrocarbons.24 It was suggested that the 
superacid sites are generated by the interaction between the oxide and sulfate ions, and the presence 
of sulfate ion somehow inhibits the recrystallization of ZrO,, therefore the sulfated zirconia retained 
a much greater fraction of the initial surface area than the unsulfated  catalyst^.^ The addition of 
platinum to a sulfated zirconia catalyst has been shown to enhance the stability of the catalyst for the 
isomerization of butane and pentane at low temperatures, though the state of platinum in this type of 
platinum impregnated zirconia catalysts is still a matter of controversy! Recently, another class of 
solid superacid catalysts-sulfated zirconia oxide, containing Fe and +I, have been shown to be 
active for the skeletal isomerization of n-butane at room temperature?-9 Kinetic results indicated that 
this class of catalysts was about three orders of magnitude more active than a sulfated 210,. Though 
extensive characterization studies have been carried out on the sulfate modified zirconia, less has been 
reported for the metal promoted sulfated zirconia. Commonly, these catalysts are activated at 
temperatures in the region of 600-725°C in air prior to use as catalysts for various reactions. The 
activation of these catalysts involves complex chemical changes. In the present investigation, 
simultaneous TGMS and TGDTA techniques were utilized to investigate the weight loss and the 
phase transformation of the solid and to monitor the chemical compounds that evolve under 
controlled heating in different environments. 

EWEFUMENTAL 

Zirconia was prepared by rapidly precipitating from a 0.3M solution prepared from anhydrous ZrC1, 
with an excess amount of NH,OH to a final pH of 10.5. The resulting precipitate was washed 
thoroughly with deionized water until a negative test was obtained for the presence of chloride ions 
in the wash. The dried hydroxide gel was sulfated by immersing the powder in 0.5M H,SO, and 
stirring for 2 hours. The precipitate was collected by filtration without M e r  washing, and dried. 
Pt-SO,2--zSO2 was obtained by impregnating sulfated zirconia powders with an aqueous solution of 
H2PtC1, . The F e N n  promoted sulfated zirconia were prepared by dissolving appropriate amounts 
of Fe(II1) and Mn(I1) nitrate/sulfate salts in the amount of water needed to prepare a catalyst 
containing the desired amount of Fe and Mn using an incipient wetness impregnation technique. All 
catalysts, after impregnation, were dried at 120°C overnight and stored in a desiccator until used for 
thermal analysis. The samples thus prepared used in the present analysis include I %(S%)Pt-SO,”- 
ZrO, and 2%Fe/0.5%Mn (sulfate salthitrate salt)-S0,2--Zr0,. 
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The samples were analyzed in a TA TGA 2950 instrument which was coupled to a VG Mass 
Spectrometer (from ThermoLab), Figure 1. The MS spectrometer allows the determination of 
multiple gas components in the mass range of 1-3OOamu. It has a specially designed flexible capillary 
tube with a fused silica liner, which is heated to 170°C to avoid condensation of evolved gasses. It 
requjres 60 milliseconds for gas transfer from the TGA to the MS. The mass spectrometer has a Nier 
type endlosed ion source, a triple mass filter, and two detectors (a Faraday cup and a secondary 
emissipn multiplier). The TG-MS system has an operating temperature range to 900°C. Data from 
the mass spectrometer was acquired using a log histogram mode scan (LHG) in which the intensities 
of all peaks in a specified mass range were monitored and stored repeatedly during the temperature 
progrh.  A data conversion program was used to display the intensities of the desired ions as a 
function of temperahre. The runs were conducted separately in a purge gas of helium or air at a flow 
rate of 50 ml/min. Heating rates were 20°C/min. The samples were also analyzed in a TA SDT 2960 
instrument, which is an analysis module that is capable of performing both thermogravimetric 
analysis (TGA) and differential thermal analysis (DTA) at the same time in a temperature range from 
room temperature to 1500°C in a controlled atmosphere. While the physical measurement of weight 
loss is obtained by TGA, in the meantime, the thermal events occurring to the samples are recorded 
by DTA. An upward peak represents for an exothermic event while a downward peak represent for 
an endothermic event on a DTA curve. Platinum crucibles were used as sample holders, and AI,O3 
was used as the reference material. 

RESULT AND DISCUSSION 

, 

When 1%(5%)Pt-SO~-Zr02 samples were heated in helium, two major weight loss regions are seen 
on TG curve, see Figure 2, curve (a), (b). According to the MS data, Figure 3, the first weight loss 
region is between room temperature to 620°C, which corresponds to the loss of water, carbon 
dioxide, hydrogen chloride and chlorine. The identification of HCI and CI, is based upon the molar 
mass of the compounds as well as the mass ratio of the CI isotopes. In the case of HCI evolved from 
5%Pt-S0,2--Zr02 sample, the ratio of peak area integration of HC1(38)/HC1(36) is around 1 :3, which 
meet very well with the theoretical data. The integration of C1, peak area didn't give a good 
agreement with theoretical isotope ratio. This is because when only trace amount of chlorine is 
released from the sample, the magnitude of noise is comparable to the C1, profile. In that case, the 
integration can not be precise to give the real isotope mass ratios. However, the trend does agree with 
that isotope peaks C~(7OpCl(72)~Cl(74). Water is lost during this temperature range. The long tail 
of water peak profile indicated most of water is present as adsorbate on the surface area, whereas 
some water exists in the deeper pores within the solid. The evolution of carbon dioxide at different 
temperature ranges is due to the coordination between carbon dioxide, which is a Lewis acid, and 
zirconia, which is a Lewis base, during sample preparation. The variation of weight loss at this 
temperature region depend upon the drying condition of the catalyst sample as well as the amount of 
sulfuric acid adsorbed on the sample. The second weight loss region is from 620°C to a temperature 
beyond 9OO0C, which corresponds to the decomposition of sulfate ion to give off sulfur oxides as 
well as a continuous evolution of HCI (MS data). The peak profiles of sulfur oxides show a 
continuum beyond 900°C since the profiles of SO, and SO didn't go back to the base line level. This 
can be evidenced by TG data which shows that the TG curve doesn't level off at this point. The 
results indicated that there could be different types of sulfate in zirconia. The evolution profile of 
HCI also shows 3 peak maxima which indicated several forms of bonding between CI and zirconia. 
Thus, in the inert gas the heating events can be described as occurring in two temperature regions: 

Region I (Q20"C) 

ZrO(OH),OH2PtCl, --> 2HC1+ Pt + H2O + Z Q  +2C12 

Region I1 (>62OoC) 

s012--zro2 -3 Zro, + so2 + so + 0, 

The evolution of oxygen coincides with the evolution of sulfur oxides as shown on the MS data and 
suggests that SO3 might form prior to the evolution of SO2 and SO. However, SO, was not identified 
by mass spectrometry. The results obtained when pretreating gas was air are similar to those of the 
runs in helium; however, when air is used it is not possible to measure the evolution of oxygen. 

When 2%Fd0.5%Mn(sulfate salthitrate salt)-S0,2--ZrO2 samples were heated in helium to 900"C, 
there was also two major weight loss regions on the TG curve at the same temperature region as it 
for Platinum sulfated zirconia. (see Figure 2, curve (c), (d). For Fe and h4n nitrate salt treated sulfated 
zirconia, the first major weight loss includes the decomposition of nitrate ion at around 300°C in 
addition to the other gas species as mentioned above for platinum sulfated zirconia sample (see Figure 
4 ). Interntion of peak area shows NO:N02 is 5:1, which agree with the fraction of nitrate ion that 
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evolves containing more NO than NOz. Therefore, the heating events for this sample below 620°C 

Region I (<620"C) 

ZrO(OH)2~Fe(N0,)z/Mn(N03)z --> ZrO, + FqO, + MnO + 2NOz + 2N0 + HzO 
The second major weight loss can be attributed to the decomposition of sulfate ion as seen in other 
sulfated zirconia samples in the second temperature region. 

As for Fe/h4n sulfate salt treated sulfated zirconia, the result is similar to that of the platinum sulfated 
zirconia samples. It was shown that the existence of different metals or metal oxides does not affect 
the decomposition temperature of sulfate ion. Also, the results obtained when the pretreating gas was 
air are similar to those ofthe runs in helium, which indicate oxygen doesn't have any significant effect 
on the activation process. 

When the platinum sulfated zirconia is analyzed in SDT at an air environment, we could see clearly 
the endothermic peak on DTA curve corresponding to the loss of gas species as water, carbon dioxide, 
hydrogen chloride and chlorine. There is a distinct exothermic peak on DTA curve occuring at 648°C 
which corresponds to the phase transformation of the solid fiom amorphous state to crystallite state. 
As a matter of fact, this exothermic event overlaps with an endothermic event which corresponds to 
the decomposition of the sulfate ion. Therefore, when heating the sample in air or an inert gas, the 
exothermic event is the result of an exothermic and an endothermic event so that the shape of the trace 
will depend upon the heat balance for these two events. For zirconia alone, this exotherm occurs at 
450°C under the same heating condition, while in the presence of sulfate ion, the phase 
transformation process is retarded to a much higher temperature. It was found for sulfated zirconia 
samples, this exotherm occurs at 622°C under the same heating conditions. This indicates that the 
existence of metals on the sulfated zirconia doesn't have any significant effect on this exothermic 
event. When anions other than sulfate ion were used to treat sulfated zirconia, this exotherm occurs 
at 533°C for molybdate zirconia, 527°C for dichromate zirconia and 465°C for tungstate zirconia." 
It is found that sulfate ion is so far the most efficient species to retard phase transformation of the 
catalyst, thus permitting a high surface area to be maintained through a higher temperature range. 

CONCLUSION 

When catalyst samples of 1%(5%)Pt-S0,2--ZrOz and 2%Fe/OS%Mn (sulfate salthitrate salt)-SO$- 
ZrO, were heated in air or inert gas, online analysis by TG-MS shows different gas species evolved 
during different temperature regions. HC1 and Cl, were identified even in trace amounts according 
to their isotope mass ratios. The existence of metals or metal oxides on the sulfated zirconia does not 
affect the decomposition of sulfate ion; neither does it affect significantly the phase transformation 
of the solid in air or inert gas environment. Sulfate ion was found so far to be the most efficient 
species to retard the phase transformation process of zirconia. 
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INTRODUCTION 
This paper presents the results of measurements of the vapor pressures of large polycyclic aromatic 
hydrocarbons (PAH), including those containing heteroatoms, and some mixtures of these 
compounds. The work was motivated by the lack of vapor pressure data on coal tars, which tend 
to have a highly aromatic nature and which also contain significant numbers of heteroatoms. 
Relatively few data are available on the vapor pressures of large polycyclics containing 
heteroatoms. Knowledge of coal tar vapor pressures is important in predicting the pyrolysis 
behavior of coals, since most advanced models of coal pyrolysis utilize an evaporation step to 
describe the loss of tar from the particles [l-81. 

There have been some efforts made at characterizing vapor pressures of coal liquids, as opposed 
to coal tars [9]. For the most part, that work was concerned with relatively lighter compounds than 
are of interest in pyrolysis (typically, four fused aromatic rings or less, with molecular weights of 
about 300 or less). Primary coal tars exhibit molecular weights that are well over 1000 [1,6]. In 
addition, there is a tendency in liquefaction to reduce the heteroatom content of the coal liquids, so 
the important role of heteroatoms in determining properties of coal tars might not be well modeled 
by coal liquids. The predictive methods seen to work reasonably well with hydrocarbon model 
compounds for coal liquids were often noted to work more poorly in heteroatomic systems [9]. 

There is little hope of characterizing materials as complex as coal tars in very great detail. There is 
saong incentive to keep the amount of data needed for prediction of vapor pressures of such 
mixtures to an absolute minimum. This issue has historically been addressed by the use of 
correlations based upon molecular weight distributions alone [l-8,10,11], since molecular weight 
and temperature are the two most important variables in determining vapor pressures. These 
correlations have been of one particular form. obtained from the Clausius-Clapeyron equation, 
assuming that the heat of vaporization is a function of the molecular weight and not a function of 
temperature. The resulting form of correlation developed by Suuberg et al. [lo] is : 

This is the simplest expression which appears to be consistent with the known thermodynamics of 
the situation and is used because of the lack of detailed chemical structure and vapor pressure data 
on coal tar. It should also be noted, consistent with this approach, that it has been shown possible 
to correlate molecular weight of coal liquids using only boiling point information, at least up to 
about 400 molecular weight [9]. 

Several workers have employed such a correlation, and values of the constants they have obtained 
by fitting the data to literature data on aromatic hydrocarbons are shown below: 

a P Y 

Suuberg et al.[ 101 1.23 x lo5 236 0.654 
Suuberg et al.[l1] 5765 255 0.586 

Niksa and Kerstein [4] 3.0 105 200 0.6 
Fletcher et al. [5] 87060 299 0.59 
Oh et al. 181 6.23 105 561 0.474 

Nksa [3] 70.1 1.6 1 .o 

In this expression, P is in atmospheres, T is in K, and M is in daltons. Comparisons of the 
predictions of.several of these models have been offered elsewhere [SI. Wide variations were noted 
in the predictions, and there is a concern about adequacy of predictions of the vapor pressures 
under pyrolysis conditions. Nevertheless, it is clear that there is a general convergence of most of 
the values of a$, and in the literature. A comparison of the predictions of boiling point with 
molecular weight is shown in Figure 1, for various models. The results of Tsonopoulos et al. [9] 
and Fletcher et a!. [SI are seen to be in good agreement, but this is not surprising, since they 
involved regression of many of the same data on coal liquids. For reference, the measured 
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properties of anthracene are indicated. 

Most of the experimental data in the literature on what might be considered model compounds for 
coal tars have been measured in a pressure range from 10-4 to 10 torr. A problem arises in 
extrapolating existing experimental data out of the temperature range in which it was obtained. 
Measurements of vapor pressures of high molecular weight materials requires high temperatures to 
obtain conveniently measurable pressures, but high temperatures cannot be employed because of 
the concern about thermal decomposition during measurement. This, then, requires the use of 
moderate temperatures (<300°C) and sensitive, indirect vapor pressure measurement techniques. 
Yet it is the high temperature range (>300°C) that is of practical interest for coal tars, since. these 
materials are. formed at those high temperatures. Thus the extrapolation to high temperatures is of 
great importance. Significant concerns arise because many of the measurements must be performed 
with the compounds of interest in the solid phase, as opposed to the liquid phase in which they 
might exist at the high temperatures of practical interest. Thus the measurements are being 
conducted under sub/imfiun conditions, whereas in practice, true evaporation will be occurring. 
This makes the prediction of changes in vapor pressure with temperature very difficult Not only is 
a correction required to c o m t  for sublimation as opposed to evaporation (involving an enthalpy of 
fusion), but the enthalpy of evaporation itself is a decreasing function of temperature. 

In sublimation work, it is not uncommon to find that the Clausius-Clapeyron equation, with a 
constant AH sublimation, fits vapor pressure data reasonably well, Le., d [In Po]/ d [Im = - 
L\Hsubl/R. The difficulty in developing reliable correlations of rnSubl  with molecular weight is 
evident from the data of Figure 2, which shows data for high molecular weight aromatic 
hydrocarbons (a few containing heteroatoms). The poor correlation might be in part attributable to 
the difficulty of performing measurements by the indirect methods required. However, part of the 
difficulty might also be understood in terms of the enthalpy of sublimation consisting of 
contributions from the enthalpies of vaporization and fusion [12]. The enthalpies of vaporization of 
many compounds can be reasonably estimated by any number of means. The enthalpy of fusion, 
on the other hand, is very difficult to correlate with other properties [12]. For high molecular 
weight materials, the enthalpies of fusion can become comparable in magnitude to the enthalpies of 
vaporization. In this work, we are addressing this issue specifically, and will report on it 
separately. 

EXPERIMENTAL 

The vapor pressures of actual coal tars and model “tars”, consisting of mixtures of PAH, are 
measured, using a molecular effusion/TGA technique. The various so-called “effusion” methods 
are based on the molecular effusion of a vapor from a surface, or through an orifice [13]. Of these 
methods, that which has been selected for use here is the Knudsen method [14.15], in which a 
substance of interest effuses through a small pinhole, of known area, in an otherwise sealed 
container or cell. The Knudsen method is used for the measurement of low vapor pressures in the 
range from 1 to 106 torr, under molecular flow conditions. This ideally requires that pressures 
inside and outside the sample cell are low enough that the frequency of collisions of vapor 
molecules with gas phase species are low in comparison with the frequency of collisions with the 
cell. The measurement of vapor pressure involves determining the rate of loss of molecules of the 
evaporating substance from the effusion cell under these conditions. Measurements are made under 
isothermal conditions, with weight loss from the cell being recorded as a function of time, 
generally in a TGA-type apparatus. 

The basic theory of the effusion method has been often reviewed in the literature [14-161. The 
theory of method is actually based upon the basic kinetic theory of gases. From these classical 
results, Knudsen derived an expression for the slow isothermal flow out of a cell with a small 
hole in it. The vapor pressure of a material in the cell can be calculated from Knudsen’s original 
effusion rate result : 

where PI is the pressure of saturated vapor inside the cell, Pz is the pressure outside of the 
effusion cell, w1 is the resistance of hole in the cell, w~ is the resistance of cell containing the 
sample, G is the mass lost by effusion, t is the effusion time, P is the density of the vapor at the 
temperature of experiment The relation simplifies upon applying several simplifying assumptions, 
including the ideal gas law, that the pinhole leak is the main flow resistance, and assuming PI >> 
P2, yielding: 
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The above result is called the ideal Knudsen equation, in which P is the desired vapor pressure, m 
the mass loss during the effusion time interval , A0 is orifice area, M the substance molecular 
weight , I the effusion time, and T the absolute temperature of the experiment. It is further assumed 
when applying this equation to the effusion process that the equilibrium vapor pressure of the 
effusing species obtains within the cell, that the orifice walls do not intercept and return into the 
cell an appreciable fraction of molecularcmnt entering the hole, that there is no back flux into the 
orifice exit and the number of intermolecular collisions in the vapor phase occumng within the 
orifice is negligible. 

In our implementation, the mass loss rate was continuously recorded, using a Cahn 2000 recording 
elecuobalance. The cell containing the pinhole leak was suspended on one arm of the balance, 
which has nominal sensitivity in the pg level. The backpressure in the TGA system was maintained 
at IO-’ torr. which has been noted to be sufficient so as to provide accuracy in the torr range 
of vapor pressures. The cell itself was maintained inside of a black capsule within the TGA, and 
was in close proximity to a thermocouple within the capsule. This was necessary in order to 
achieve the 0.I0K accuracy in temperature measurement required in vapor pressure work at low 
temperatures. 

RESULTS AND DISCUSSION 

Variation of Vapor Pressure with Temperature 
Typical results are shown in Figure 3, for anthracene between 47 and 75 “C. The anthracene was 
of 99+% purity, purchased from Sigma Chemical Company, and used without funher purification. 
Comparison is shown with other sources of data on this compound 17-21]. Again, the spread of 
the data is indicative of the difficulty in performing such measurements, on even relatively “easy” 
low molecular weight aromatics. The other feature which is clear from Fig. 3 is that the assumption 
that the enthalpy of sublimation is reasonable. Our results provide an enthalpy of sublimation of 
101.6 kJ/mol. By way of comparison, the enthalpy of vaporization of anthracene, at its normal 
boiling point of 340 ‘C, is 56.5 kJ/mol [12]. The melting point of anthracene is 216OC. so our 
experiments were performed much below the melting point. This is, again, very clear indication of 
the danger in blindly extrapolating vapor pressure data over a wide range of temperatures. The 
actual extrapolation is shown in Figure 4. It is seen that the extrapolation leads to a reasonable 
prediction of the first reported point in the liquid region, since this was very close to the melting 
point of the anthracene. As one extrapolates into the liquid region, the comparison becomes 
progressively poorer. because A H s u b ~ f ~ v , p  If one considers the earlier suggested correction of 
the enthalpy of sublimation to the enthalpy of vaporization, the enthalpy of fusion would be around 
45 kJ/mol. The ratio of the enthalpy of fusion to the enthalpy of vaporization is roughly 0.8. which 
is quite close to the the same ratio for n-dodecane (0.84 [ 121). the normal alkane with a molecular 
weight closest to that of anthracene. 

Mixture Models 
It  is unclear what mixture models can be used to describe vapor-liquid equilibrium for tars, which 
are obviously multicomponent mixtures. Typically, the most common assumption is Raoult’s Law, 
in which the tar mixture is assumed ideal. There have been no attempts to establish how reasonable 
this assumption might be. Nearly ideal mixing behavior was seen for aromatic hydrocarbon 
mixtures (e.g. anthracene and perylene). An example of how a simple mixture model might badly 
fail is provided in Figure 5, for a mixture of phenanthridine and 1.hydroxypyrene. Aromatics 
containing such functional groups would be expected in coal tars. It would be anticipated that there 
would be strong acid-base interaction in this case, and this is clearly shown by the fact that the 
vapor pressure is far lower than predicted by Raoult’s Law. Clearly more work is needed to 
establish how closely Raoult’s Law might be followed in real tars. 

ACKNOWLEDGMENT 
The financial.suppon of the U.S. Department of Energy, under grant DE-FG22-92PC92544, is 
gratefully acknowledged. 

REFERENCES 
l . uube rg ,  E.M., in Chemisrry of Coal Conversion (R. Schlosberg, Ed.), Plenum, 1985. 
2. Unger, P.E., Suuberg, E.M., 18th Symp. (Int.) on Comb., The Comb. Inst., p. 1203, 1981 
3. Niksa, S. AIChE J. 34. 190 (19881 
4. Niksa, S. and Kerstein,’A., EnergiFuels, 5,647 (1991). 
5. Fletcher,T., Kerstein,A. , Pugmire, R.. Solum, M., Grant, D. Energy Fuels, 6, 414 (1992). 
6. Solomon, P.R., Serio, M.A., and Suuberg, E.M., frog. Energy Comb. Sci.. 18, 133 (1992). 
7. Solomon, P.R., Hamblen, D.G., Carangelo, R.M., Serio, M.A., Deshpande, G.V., Energy 

8. Oh, M.S., Peters. W.A., and Howard, J.B., AIChEJ, 35,776 (1989). 
9. Tsonopoulos, C., Heidman, J., and Hwang, S.-C., Thermodynamic and Transport Properties 

10. Suuberg, E.M., Peters, W.A. and Howard, J.B., 17th Symp. (Inr.) on Comb., The 

Fwls, 2,405 (1988). 

of Coal Liquids, Wiley, 1986. 

84 



\ 
7 .  

6.5 

6 :  

5 .5  

5 %  

4.5 

4 &  

Combustion Institute. p. 117, 1979. 

McGraw-Hill, 1987. 

11. Suuberg,E.M., Unger, P.E., and Lilly, W.D.. Fuel, 64, 956 (1985). 
12. Reid, R.C., Prausnitz, J.M., and Poling, B., The Properties of Gases and Liquids, 4th Ed. 

13. Dushman, S., Scientific Foundntions of Vacuum Technique, Wiley, 2nd edition, 1962. 
14. Knudsen, M., Ann. Physik., 28, 999, 1909. 
15. Knudsen, M., Ann. Physik., 29, 179, 1909. 
16. Hollahan, J., J. Chem. Educ., 39, 23, 1962. 
17. Hansen, P.C and Ecken, C. A., J. Chem. Eng. Dora. 31, 1 (1986) 
18. DeKruif, C.G.J. Chem. Thermodynamics, 12,243 ( 1980). 
19. Kelley,J.D.and Rice, F.O.J. Phys. Chem.,68, 3794 (1964). 
20. Macknick, A.B. and hausnitz, J.M., J .  Chem. Eng. Datu, 24, 176 (1979). 
21. Sonnefeld,W.J., Anal. Chem., 55,275 (1983). 

X 
X 

0 '  
X 0 .  

X 

0 
: 0 

X 
x e .  

X 
x 0 * a :  

0 
X 0 d Y + :  

x e +  
0 e +  

X ' +  

0 e +. 

0 * +  
* +  x 

x O l C  

: 

e Tsonopoulos el  al. [9] 
+ Suuberg et al. [ll] 
x NiksaandKerstein[4] 

o Ohetal. [E] 

o e +  
e +  

1 8 + n Fletcher et al. [5] 

% anthracene 

Figure 1. predicted variation of boiling point with molecular weight, for low molecular weight 
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Figure 2. Variation of enthalpies of sublimation with molecular weight of aromatics. Data from 
Hand6ook of the Thermodynamics of Organic Compounds, by R.M. Stephenson and S. 
Malanowski, Elsevier, 1987. 
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Figure 5. Vapor pressures of I-hydroxypyrene, phenanthridine, and a mixture of 54 mol% 1- 
hydroxypyxne, 46% phenanthridine. The Raoult's Law prediction for the mixture is also shown. 
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INTRODUCTION 

The most widely used separation technique in the petroleum industry and other liquid 
fuel production processes as well as in much of the chemical industry is distillation. To 
design and operate an appropriate commercial and laboratory distillation unit requires a 
knowledge of the boiling point distribution of the materials to be separated. In recognition 
of these needs, the ASTM developed the distillation procedures of D86, D216, D447, D850, 
and D1078. They are widely used in laboratories for the purposes of sample 
characterization, product and quality control, and distillation column design. However, the 
significant drawbacks of these ASTM methods include 1). close monitoring of the distillation 
is required. This is particularly difficult for those samples which are very toxic and/or cause 
any other safety problems; 2). the sample' under test must be transparent and free of 
separated water (1); and 3). results obtained by these methods are not particularly precise. 
This motivated the development of a novel automatic distillation system based on the use 
of a custom-built thermogravimetric apparatus. 

Thermogravimetry (TG) can be used to determine variation in mass as a function of 
temperature and/or time. Thus, thermogravimetric techniques, in principle, could be used 
in study of any physical and chemical processes where changes in mass are function of 
temperature and/or time. Hence, either commercial or custom-built thermogravimetric 
apparatus provides flexible means and unique features for study of various physical processes 
and chemical reactions. In the state-of-the-art custom-built thermogravimetric system, a 
computer is generally used for data acquisition of time, temperature and mass. 

Massoth and Cowley (2) utilized a stirred flow thermogravimetric reactor for catalyst 
studies of hydrogenation of 1-butene under steady-state conditions. Sears et al. (3) reported 
a pressurized thermogravimetric equipment for use in oxidizing atmospheres at high 
temperatures. Dean and Dadyburjor (4) used a continuous thermogravimetric technique, 
combined with a pulse microreactor and on-line gas chromatograph, to study deactivation 
of cracking catalysts by coking. 

In this paper, design and operation of a custom-built thermogravimetric apparatus 
for the distillation of liquid fuels are reported. Using a sensitive balance with scale of 0.001 
g and ASTM distillation glassware, several petroleum and petroleum-derived samples have 
been analyzed by the thermogravimetric distillation method. When the ASTM distillation 
glassware is replaced by a micro-scale unit, sample size could be reduced from 100 g to 5-10 
g. A computer program has been developed to transfer the data into a distillation plot, e.g. 
Weight Percent Distilled vs. Boiling Point. It also generate a report on the characteristic 
distillation parameters, such as, IBP (Initial Boiling Point), FBP (Final Boiling Point), and 
boiling point at 50 wt% distilled. Comparison of the boiling point distributions determined 
by TG (thermogravimetry) with those by SimDis GC (Simulated-Distillation Gas 
Chromatography) on two liquid fuel samples (Le. a decanted oil and a filtered crude oil) are 
also discussed in this paper. 

1: 
I 
i 1 
1 

EXPERIMENTAL 
Apparatus. A schematic diagram of the thermogravimetric apparatus for distillation 

is shown in Figure 1. A K-type thermocouple was used to measure the boiling temperature. 
The thermocouple was supported by a tight bevel-seal (Kontes, Vineland, New Jersey) with 
the thermocouple vertical and centered in the tube of the distillation head and in such a 
position that the thermocouple end-point (Le. thermocouple joint) is level with the lowest 
point of junction between head tube and head neck (see Figure 1). The signal from the 
thermocouple was first processed by a DIN Rail Thermocouple Transmitter (MCR-TC 
Series, Omega Engineering, Inc.). A Mettler PK300 Balance with precision of 0.001 g was 
used to monitor the mass change in the distillate receiver. A Mettler GC47 D/A Converter 
was used to transfer the digital signals from the balance to analog signals for data 
acquisition. Asystant+ data acquisition system with DT2805 A/D board (Asyst Software 
Technologies, Inc.) was installed in a IBM computer and used for data acquisition. Both 
temperature and mass signals were sampled at 1 Hz. A ASTM distillation head and 250-ml 
flask (Kontes) and an electric heater were used for distillation. 

Distillation. For each distillation, about 100-g liquid fuel was transferred into the 
distillation flask. Both the empty flask (Woasr) and initial distilland liquid fuel (W,,,,,,) were 
weighed using the balance. Adjust the electric heater referring to the instructions given in 
ASTM D1078 and record the temperature and distillate mass by the computer. After the 
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condenser tube has drained, the total mass of distillate weighed by the balance was recorded 
as recovery (Wmvery). Cooling the distillation flask to room temperature, the distillate left 

obtained by the subtraction of W,,, from Wlcf,+flnrk. The amount of distillation loss (W,,,), 
plus the flask (Wlefi+nask) was weighed by the balance. The amount of residue (Wreslduc) was 

due to surface wetting, was estimated by subtracting Winitid and the sum of Wmcovcry and 
Wmridus. 

/I 

II 

Cleaning System. The apparatus system is cleaned in place by a series of suitable 
low-boiling solvent distillation. The number of cleaning distillations and type of solvent used 
are selected based on the distilland being studied. The effectiveness of cleaning can be 
monitored by analysis of the distillate streams (e.g. by GC analysis). After cleaning, the 
distillation glassware are placed into an oven and the temperature set above the boiling 
point of the solvent used. 

Data Processing. The collected mass data were processed using an 11-point 
smoothing filter of the Linear Regression & Error Analysis procedure (5). 

Materials Studied. A decanted oil and a filtered crude oil, together with seven other 

thennogravimetric distillation apparatus. Pure organic compounds from low boiling point 
to high boiling point, such as methylene chloride (99.9+%), tetralin (1,2,3,4- 
tetrohydronaphthalene, 99%), and 1-methylnaphthalene (98%) from Aldrich Chemical Co., 
have been used for testing and calibrating the apparatus. 

RESULTS AND DISCUSSION 
Calibration of the Apparatus System Using Pure Organic Compounds. Several pure 

organic compounds have been used to test and calibrate the thennogravimetric apparatus. 
In theory, transfer time of distillate through the condenser, as a delay effect, should be 
corrected for accurately determining the boiling point distribution (Le. Weight Percent 
Distilled vs Boiling Point) and characteristic distillation parameters, such as Initial Boiling 
Point (IBP), Final Boiling Point (FBP) (or Decomposition Point, DP). Results of the 
tetralin distillation using the TG method are shown in Figure 2. Surprisingly, there was no 
distillate-transfer time observed (see Figure 2). The dashed-line in Figure 2 defines the 
time required by the distillate being transferred through the condenser. The resulG shown 
in Figure 2 indicate no delay effect, Le. as soon as the temperature reaches the tetralin 
boiling point, the first drop of tetralin falls into the distillate receiver. The same results 
were obtained in distillations of methylene chloride and 1-methylnaphthalene. The reason 
of these phenomena may be due to that the condenser surface was wetted by the vapor of 
the sample before its boiling point was reached. The Weight Percent Distilled vs. Boiling 
Point for the tetralin is shown in Figure 3. That the boiling point was increased after 95 
wt% distilled is apparently due to impurities in the tetralin. The results of duplicate tetralin 
distillations are summarized in Table I. Weight percent distillation recoveries, residues, and 
losses, plus the boiling points observed, together with the literature value (6),  are also given 
in Table I. 

Distillation of Liquid Fuels. Plots of the Weight Percent Distilled vs. Boiling Point 
for the seven liquid fuels using the TG method are shown in Figures 4-10. Based on ASTM 
definition (7). the IBP (Initial Boiling Point) is the temperature detected as the first drop 
of condensate falls into the distillate receiver. Thus, in this TG method, the Initial Boiling 
Point was the temperature recorded at which the distillate mass is above zero. The mass 
of the fust drop of the distillate recorded for these liquid fuels was in the range of 0.005 to 
0.02g. The Final Boiling Point (FBP) (i.e.,the end point or decomposition point) was the 
maximum temperature recorded during the test. If no residue was left in,the distillation 
flask, the dry point, instead of FBP, was reported. Characteristic distillation parameters (e.g. 
IBP, FBP, BP @50 wt%), together with the weight percent distillation recoveries, residues, 
and losses, of the seven liquid fuels are summarized in Table 11. 

The first derivative of TG distillation (Le. d(wt%)/dt) vs boiling point for Sample A 
is shown in Figure 11. This plot indicates the density function of distillate against boiling 
point. It can be used as additional information for characterizing the boiling property of 
liquid fuels. 

Comparison of TG Distillation with S i i s  GC. Plots of the Weight Percent 
Distilled VS. Boiling Point using the TG method (solid line) and SimDis GC technique 
(dashed line) for a filtered crude petroleum and a decanted oil are shown in Figures 12 and 
13. The results show significant differences. It is more evidenced when the characteristic 
distillation parameters (e.g. IBC, FBP, BP @SO wt%) of the two samples determined by the 
both methods are summarized in Table 111. These deviations of the SimDis GC method 
from the distillation may be resulted by the interactions between the tested sample and the 
selected column packing and by the differences in properties and distillation characteristics 
between the calibration standards and tested samples. The weight percent distillation 
recoveries, residues, and losses are also included in Table 111. Compared to the SimDis GC 
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liquid fuels (designated as Samples A, B, C, etc.), have been studied using the / 
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method, the TG technique, when operated under atmospheric pressure, is limited to 
measuring the boiling point up to about 380 "C. 

CONCLUSION 
The custom built thermogravimetric apparatus for distillation provides an accurate, 

convenient, and simple determination of boiling point distribution of liquid fuels. It has 
potential as a modified method to replace the widely used ASTM distillation methods. 
Boiling point distributions of two oil samples determined by the thermogravhetric method 
and SimDis GC technique show significant differences. These deviations Of the SimDis Gc 
method from distillation may be due to sample-GC column packing interactions and 
differences between the calibration standards and tested samples. 
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Table I Results of tetralin distillation 

Distillation Boiling Point Recovery Residue Loss 
Run No. "c wt% wt% wt% 

1 
2 
3 

207.8 98.7% 0.7% 0.6% 
207.7 99.1% 0.5% 0.4% 
207.8 98.9% 0.5% 0.6% 

Literature value 207.6 

Table I1 Results of the seven liquid fuel distillations 

Sample IBP BP@5Owt% FBP 
'C "C "C 

A 206.1 278.5 316.4 
B 169.4 285.6 334.9 
C 84.3 285.6 346.2 
D 1 9 4 . 1  272.1 350.8 
E 105.1 365.7 318.2 
F 209.6 342.0 353.8 
G 198.1 280.6 348.5 

Recovery Residue 
wt% wt% 

Loss 
wt% 

95.3% 3.2% 
90.5% 8.6% 
89.7% 9.0% 
96.1% 3.5% 
59.9% 35.1% 
(71.9% 23.3% 
95.5% 3.9% 

1.5% 
0.9% 
0.5% 
0.4% 
5.0% 
4.8% 
0.6% 
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Table III Comparison of SimDis GC with TG 

Distillation IBP BPo@Gwt% BP@5OW% FBP Recovery Residue Loss 
Method .C C 'C "C wt% W% wt% 

sample: Crude ail 

TG (1st) 56.3 301.5 314.7 71.9% 22.0% 6.1% 
TG (2nd) S5.8 297.6 314.9 72.6% 21.1% 6.3% 

SimDis GC 95.6 431.1 720.0 91.0% - 

Sample: Jkcaaed oil 

TG (1st) 244.1 363.7 364.6 42.5% 50.2% 7.3% 
TG (2nd) 244.9 368.1 373.6 46.8% 45.5% 7.7% 

SimDis GC 215.6 383.9 705.0 99.5% - 

Figure 1 Schematic diagram of a custom built TG for distillation 
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Figure 2 Temperature-mass-time plot for tetralin distillation 
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! 
’\ INTRODUCTION 

To understand the reactions occur during coal gasification, i t  is essential to 
investigate reactivity and structural changes in coal and char. As coal and char 

., methods for analyses is limited. An FT-IR spectroscopy is a promising method to 
detect the status of various kinds of functional groups and their chemical and 

! are solid which hardly dissolve into most of solvents, variety of applicable 

I 

EXPERIMENTAL 
m t i o n  of oxidized coal samples 

2Og of Miike coal(C: 82.2%, daf; H: 6.2%, daf; N: 1.0%, daf; ash: 7.7%, dry, 
24-60mesh) was placed in a glass-made, constant volume closed reactor equipped 
with a circulator, and was dried at 1 5 0 4  under vacuum for 3 weeks. Oxidation 
reaction was initiated by introducing oxygen from the reservoir to the reactor 
maintained at 1OOoC. Pressure drop was monitored by pressure gauge(Ba1zers 
APGOLO) to calculate the amount of oxygen absorbed into coal. 

Taiheiyo coal(C: 74.6%, daf; H: 6.6%, daf; N: 1.4%, daf; ash: 12.9%, dry; 
particles of 2-5mm) was held in a stainless steel wire mesh and oxidized in a air 
stream heated up t o  300.C for lh.  

Oxidized coal samples were used for FT-INPAS analyses without further 
pulverization. After IR analyses, each sample is mixed with phenol resin, 
solidified and polished t o  make a cross sectional observation by a microscope 
using reflected light with an oil immersion method. 

1 v d  P coa 
Taiheiyo coa1(60-100mesh) was dried under vacuum(-lO%orr) a t  170oC for 3 

weeks. 4g of the dried coal was exposed to irradiation of argon ion with energy of 
1OOkeV for 4h using 200keV ion implanter(B) a t  Ion Engineering Center 
Corporation(Osaka, Japan). 
Gasification Char 

Chars were produced from Taiheiyo coal and Muswellbrook coal(C:80.3, daf, 
H:5.5, daf, N:1.7, daf, ash 11.7%, dry) during the operation of HYCOL gasifier 
(Chiba, Japan)5. 
FT-IR measurement 

A Biorad FTS-6ON896 step scan FT-IR spectrometer was used for all spectral 
measurements. Spectra were recorded a t  resolution of 8cm-1 using an MTEC 
model 100 photoacoustic cell with its accompanying preamplifier/power supply. 
Helium was used as the carrier gas in the PA cell. Stanford Research Systems 
SR510 lock-in amplifier was used when phase modulation was applied. Step scan 
speedphase modulation frequency of 10/100Hz and 50/400Hz was used for the FT- 
IR measurement. 

. .  . 

RESULTS AND DISCUSSION 
n FT-IRIPAS with a h e  m o d u u  

FT-IRRAS has been in  use for about ten years? Many photoacoustic 
applications involve the study of the spectra for layered and heterogeneous 
samples with varying interferometer scanning velocity, to probe deeper into them 
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as the velocity is reduced. The main advantage of step scan interferometry for 
PAS is tha t ' a  single modulation frequency can be applied over the entire spectral 
range to generate the PA signal. Step scan data collection for depth profiling 
experiments produces a constant sampling depth across the spectrum for each 
frequency used.4 Spectrum obtained without phase modulation is quite 
photoacoustically saturated, bu t  the phase modulated spectra are not. Among the 
vector component of PA signals, in-phase(00) component carries response of deep 
layer and quadrature(900) component takes signal of surface layer. In principle, 
by changing the phase angle of the lock-in amplifier, it  should be possible to  probe 
different depths of the sample with the same depth for all infrared frequencies in 
the spectrum. i I 

Qxidized coal 
Results of oxidation of Miike coal is summarized in Table 1. Main product in 

gaseous phase was water. Approximately one half of total amount of oxygen 
reacted(O2react) was consumed to form HzO, CO and C02 . Oxidized coal samples 
which gained 0.54-2.36%(initial coal weight basis) of oxygen was consequently 
obtained. Photoacoustic spectra recorded a t  2.5kHz(rapid scan) were shown in 
Figure 4. PA spectrum of unoxidized(dried) Miike coal recorded a t  the same FT- 
IR settings was used for reference. 

Absorption peak at around 1700cm-1, attributable to carbonyl group, 
increased by oxidation. Broad peak reflects various kinds of carbonyl entities. 
Shoulder peak observed a t  higher than  1700cm-1 is attributed to ester or  
carboxylic acid. Small peaks detected a t  1540cm-1 may be attributed to carboxylic 

reaction of dehydrogenation from mainly aliphatic compounds proceeded. 
Absorption increased around 3400cm-1 can be attributed to formation of hydroxyl 
group. PA spectra obtained here seems to be quite similar to those acquired by 
diffuse reflectance FT-IR spectroscopy6 except OH region. 

Depth profiling analyses of a series of oxidized coal samples was performed 
by using step scan moddstep speedlphase modulation frequency = 50Hz/400Hz). 
Figure 2 illustrate step scan FT-IWPA spectra of oxidized Miike coal which are 
measured and phase-separated with phase angles of 450 and 00 respectively. PA 
spectrum of unoxidized Miike coal was used for background correction. In the 
layer near surface detected with phase angle of 45o(A), absorption at  1700cm-1 
and 1100cm-1 increased indicating the formation of oxygen containing functional 
groups such as C=O and C-0 with increase in the amount of oxygen reacted with 
coal. On the other hand, peaks a t  2800-3050cm-1 did not show a definite increase 
nor decrease with series of oxidation conditions. Similar tendency of the intensity 
changes in peaks was observed when phase angle was decreased to 00 to obtain 
the signals from deeper layer as shown in Figure 2(B). 

I t  is assumed that oxygen containing functional groups formed by oxidation 
uniformly distributes in oxidized layer, but dehydrogenation reaction takes place 
mainly in  the  surface layer. Other interpretation may be that aliphatic 
compounds decomposed and released by oxidation moves inside coal particle with 
certain mobility. 

Michaelian utilize a n  FT-IR spectrometer with STop-and-Go mode for depth 
profiling of oxidized coal and estimated the thickness of oxidized layer a t  -12pm 
corresponding to the modulation frequency of 2OOHz.3 This estimation, however, 
involves some assumption. Measurement of actual sampling depth is required. 
Oxidized Miike coal samples were used for cross-sectional observation by 
microscope with reflected lights. No obvious oxidation layer could be seen by 
microscope observation, possibly due t o  the mild oxidation conditions. Taiheiyo 
coal oxidized at 3000'2 was used for estimation of sampling depth of step scan FT- 
IWPAS measurement. Figure 3 shows depth profiling PA spectra of oxidized 
Taiheiyo coal with various modulation frequencies and phase angles. PA spectra 
of unoxidized Taiheiyo coal was used for back ground correction to compare the 
changes in peaks before and after oxidation. When modulation frequency of 
400Hz and phase angle of 900 were selected, the vicinity of coal surface should be 
detected. Considerable decrease in peaks a t  2800-3050cm-1 attributed to CH 
stretching band was observed. Decreasing phase angle from 900 to  00 to obtain 
the signals of deeper layer, a peak a t  around 1700cm-1 attributed t o  C=O band 
increased. When modulation frequency is switched to 100Hz, infrared beam is 
expected to penetrate into deeper layer of coal particle. Applying the phase angle 

I,, 

I ,  

I ,  

ion. Besides, peaks at 2800-3050cm-1 decreased with oxidation indicating that rt 

, 

& 
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of 90-450, decrease in  CH peaks was observed, while difference between PAS 
spectra of oxidized and unoxidized samples scarcely be detected with a phase 
angle of 00. This indicates that changes in functional groups caused by oxidation 
occur only in the vicinity of coal surface. 

Oxidized Taiheiyo coal samples were used for cross-sectional observation by 
microscope with reflective lights. 5-10km of bright rim was observed on the edge 
of coal particles. Unoxidized coal did not show this kind of rim. Thus, actual 
sampling depth of the spectrometer is estimated to around 10pm. 
h - i r r ad ia t ed  coa 1 

Step scan FT-IWPA spectra of ion irradiated coal measured with various 
modulation frequencies and phase angles are shown in Figure 4. PA spectra of 
untreated Taiheiyo coal obtained a t  the same FT-IR settings a re  used as 
background. In the spectra recorded with 400Hz of modulation frequency, peaks 
a t  2800-3050cm-1 and 1700cm-1 obviously decreased indicating dehydrogenation 
and decarbonylation occurred during ion irradiation. On the other hand, 
changes in functional groups is scarcely detected when modulation frequency is 
set to lOOHz with a phase angle of 450 and below. According t o  the results of ion 
irradiation on metal surface, layer with a thickness of lkm should be treated. 
Effects of ion irradiation on coal may be different and penetration depth is 
expected to deeper than 1pm in the case of coal. The spectra of ion treated coal 
seems to  be consistent with the estimation from the oxidation experiment and 
microscopic observation of Taiheiyo coal. 
Gasification char 

A Taiheiyo coal char and a Muswellbrook coal char produced by HYCOL 
entrained flow gasifier are used for the IR measurement. No obvious absorbance 
peaks could be detected on the surface by the conventional FT-IR spectroscopy. In 
Figure 5, depth profiling FT-IWPA spectra are shown. For better baseline 
correction, spectra of the char collected a t  the same time in different two places 
(cyclones CY-301 and 302) during the operation of HYCOL gasifier are mutually 
compared. Using step scan speed as slow as lOHz to allow IR beam to penetrate 
deeply inside char, peaks at 2900cm-1, attributed to CH, and broad peaks centered 
a t  1700 and 3400cm-1 could be clearly detected. These peaks directly indicate that 
some organic part  including oxygen containing functional groups still remain 
inside the char particle after being processed a t  high temperature up to 1600oC. 
Two kinds of chars showed different depth profile. It is reported that almost all 
Taiheiyo char is categorized as network or Lacy type and Muswellbrook chars are 
mainly thick and thin walled balloon types. Depth profile may reflect the 
difference of morphology of respective chars. 

CONCLUSIONS 
Step scan FT-IWphotoacoustic spectroscopy (PAS) was used for depth 

profiling of coal and gasification char particles. Phase modulation on the 
interferometer and phase separation at the detector, by a lock-in amplifier, and a 
variety of modulation frequencies and phase angles were used. The results 
showed considerably different spectra with depth of the coal. Sampling depth 
was estimated t o  ca 10pm by comparing the depth profiling spectra and cross- 
sectional microscopic Observation of oxidized coal. Depth profiling of char 
obtained from HYCOL gasifier indicated the  existence of a n  organic structure 
inside char particle. Considering that no obvious absorbance peaks could be 
detected by the conventional FT-IR spectroscopy, the use of step scan FT-IWAS 
is concluded to be a promising method for the analyses of even high temperature 
gasification chars as  well as coals. 
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Table ' 1 Results of oddation of Miike coal a 

Run Time Opmt b Gaseous products I m o l  Analyses of oxidlzed coal 

I h  l m o l  H@ CO COz CHI Cz+ ozobsC,- C%d H%d 

u) 

8 

JI 

1 2 6  5.62 3.42 0.16 0.46 - 0  - 0  0.54 81 .5  6.20 
2 51 10.54 4.55 0.35 1.11 - 0  - 0  1.07 81.2 6.17 
3 124 17.69 10.23 0.63 1.66 0.01 - 0  1.79 80.6 6.08 
4 384 25.17 15.14 0.99 2.63 0.01 - 0  2.36 79.9 6.02 

& 1.07 

7 0.54 

a1 2Og of coal was used. Reactlon temp: 10043 b) The amount of oxygen reacted with zog of coal. 
c )  The amount of oxygen absorbed in coal. d) Ultimate analysts data, daf basis. 
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Figure 2 Step scan FT-IR/PA spectra of oxidized Miike coal measured with step 
scadphase modulation freq.= 50/400Hz. Spectrum ofunoxidized m i k e  coal is  
used as background. 
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Figure 3 Depth profiling F I - W A  spectra of oxidized Taiheiyo coal. Spectrum 
of unoxidized Taiheiyo coal is used as background. 
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Figure4 Depth profiling F I - W A  spectra of ion-irradiated Taiheiyo coal. 
Spectrum of untreated coal is used as background. 
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Figure 5 Depth profiling FT-IFUF'A spectra of gasification cham obtained from 
HYCOL gasifier measured with step scadphase modulation freq.= 10/100Hz. 
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INTRODUCTION 
It is well known that, ceteris paribus, the overall gasification rate decreases with increasing 
pyrolysis severity [e.g., 1-71. This effect can be attributed to various sources, including the loss of 
heteroatoms and annealing processes. All these types of processes affect the active site density of a 
char which is an important factor in determining its reactivity. In the current communication, we 
investigate the relationship between populations of oxygen surface complexes, which form on 
these sites, and char reactivity as a function of char “age.” 

EXPERIMENTAL 
The char samples used in the current experiments were produced from Wyodak subbituminous 
coal samples obtained from the Argonne Premium Coal Sample Bank [8], and a phenol- 
formaldehyde resin synthesized in our laboratory. The latter material was used as a prototype of a 
non-mineral matter containing char. 

Char samples were produced in a tube furnace in flowing ultrahigh purity helium at various 
ultimate temperatures for two hours. Variation in char “age” was achieved by pyrolyzing samples 
at temperatures of 900, 950, 100O’C for resin char, and 1000, 1050, and 1100’C for Wyodak 
char, respectively, for two hours. 

All the oxidation and thermal desorption experiments were carried out in the TPD-MSfI’GA 
apparatus. For gasification, the samples were exposed to one atmosphere of carbon dioxide at a 
selected temperature to a desired bum-off. The thermal desorptions were all carried out at a heating 
rate of 5OWmin to 120OOC in ulaahigh purity helium carrier gas 191. 

RESULTS AND DISCUSSION 
Reacrivities. As expected, the reactivities of the resin and Wyodak coal char samples all decrease 
monotonically with increasing pyrolysis temperature; i.e., the “younger” chars are more reactive 
than the “older” chars. Apparent activation energies, determined from Arrhenius plots, are 
presented in Table I. As shown, these values are well within the range reported by other workers 
(e.& [6,7]) for different types of chars and carbons. These results suggest that the apparent 
activation energies of the “younger” chars are less than for the “older” chars, but only slightly so; 
certainly not enough to explain the significant differences in observed reactivities. 

TPD Spectra. CO TPD spectra from COz-gasified Wyodak coal char samples as a function of 
pyrolysis temperature are presented in Figure 1. As shown, the broad desorption peak is centered 
at about 95OOC. The total amount of oxygen surface complexes decreases with char “age”, but not 
homogeneously over the entire TPD spechum. That is, the higher temperature surface complexes 
fall off more rapidly with “age” than the lower temperature complexes. In fact, the low temperature 
complex population in Figure 1 is practically invariant with char “age.” 

Figure. 2 presents the corresponding data for resin the char samples. The same qualitative behavior 
is readily apparent, although the desorption is peaked at a higher temperature of about 10IO°C. In 
addition, the total amount of oxygen surface complexes is about a factor of three or so less than for 
the Wyodak coal char samples. Just as for the Wyodak coal char, the “younger” char samples 
exhibit a greater amount of CO evolution than the “older” char samples, and the decrease in the 
population of oxygen surface complexes is not homogeneous over the entire TPD specbum; the 
higher temperature population falls off more rapidly than that at lower temperatures. However, 
somewhat larger differences are apparent in the low temperature region than in the corresponding 
Wyodak coal char spectra 

Disfributions of Desorption Acrivation Energies. The observation that the population of oxygen 
surface complexes does not decrease evenly over the en& TPD specrmm suggests that the char 
surface exhibits a distribution of desorption activation energies. Du et al. [lo] and Calo and Hall 
[ l  11 developed distributed activation energy models for the desorption of oxygen surface 
complexes from carbons following O2 and COz gasification. In the current work, the distribution 
of desorption activation energies was calculated using the method described by Calo and Hall [I 11. 
The relationship between the instantaneous CO desorption rate and the distribution of desorption 
activation energies can be expressed as: 

d[COl/dt [C-O],S(E*)dE*/dt 

I: 

I 

where E* is the local desorption activation energy, as approximated by an instantaneous step at 
energy E*, S(E*) is the desorption activation energy probability density function, d[COl/dt is the 
desolption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (Le. 
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prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 
surface, Based on the classical work of Redhead [12], the parameters are related by: 

E*/RT=ln [uoT/p] -3.64 P I  

which holds for for 10s<u&1013 (Kl), where uo is the preexponential factor for the desorption 
rate constant, T is the temperature, and p is the heating rate. Since a TPD experiment gives the 
instantaneous desorption rate directly, and dE*/dt can be obtained from Eq. [21, the distribution of 
desorption activation energies, [C-O],S(E)*, can be determined from Eq. [I]. 

The value of the preexponential factor, uo, was assumed to be constant. A series of TPD runs was 
performed at various heating rates from 25Wmin to 100Wmin for the same oxidized char samples. 
It was determined that a value of uo = 10’O m i d  yielded the best fit in that it produced essentially 
the same energetic distribution for all the heating rates. This proved to be the best value for both 
resin and Wyodak char. Consequently, this value was used for the determination of the 
distributions of desorption activation energies. 

Figure 3 presents a comparison of desorption activation energy distributions determined for 
Wyodak coal char pyrolyzed at various temperatures. As shown, as the pyrolysis temperature 
decreases, the desorption activation energy distribution of the char also changes. A similar trend 
was also found for resin char, as shown in Figure 4. In comparison to the Wyodak coal char 
distributions, the energetic distributions for resin char samples are shifted to higher energies. It is 
noted that mineral matter (most probably calcium) in the Wyodak coal char plays a significant role 
in determining the population of the low temperature surface complexes which turn over most 
rapidly during gasification. The absolute amount of the low temperature oxygen surface complexes 
is considerably greater for Wyodak coal char than for resin char, which contains no mineral matter. 
Therefore the mineral matter in the Wyodak coal char preferentially catalyzes the formation of low 
desorption activation energy surface complexes. This represenw the basis of the catalytic effect in 
this char. This is the principal reason that the reactivity of Wyodak coal char is significantly greater 
than that for resin char even at lower gasification temperatures. 

Mean Desorption Activation Energies and Active Site Concentrations. Two important parameters 
that can be used to characterize reactivity are the apparent mean concentration of active sites and the 
average desofption activation energy. For conditions where the gasification rate is desorption rate- 
controlled, the reactivity can be correlated using the distribution of desorption activation energies. 
This is accomplished by integrating the desorption rate over the entire. distribution: 

ca 

r = Io uo exp(-E*/RT) [C-O],S@*)dE* [31 

In order to address the issue of the rate-controlling step in the current work, the following types of 
experiments were performed. Following gasification, samples were rapidly quenched to room 

, temperature in either pure helium or COP. This was done to assess whether or not the surface was 
saturated with oxygen surface complexes at gasification conditions. It was reasoned that if the 
gasification reaction was not controlled by the desorption step, unoccupied active sites would exist 
which by cooling in the reactant would form additional oxygen surface complexes as the 
temperature decreased. Consequently, the resultant TPD spectra would differ from those obtained 
following rapid quenching in helium. From such experiments it was found that gasification of both 
resin and Wyodak coal char in one atmosphere of COz is desorption rate-controlled under the 
current experimental conditions [13]. 

Equating the gasification rate expression for a single mean activation energy, E,, with that 
described by a continuous distribution, as in Eq. [3], yields: 

(i 

I 

4 
I 

Figures 5 and 6 present the apparent mean active site concentration, q, calculated from Eq. [4]. as 
a function of pyrolysis temperature for Wyodak coal char and resin char. respectively. These plots 
show that the mean active site concenaation decreases as the pyrolysis temperature of the char 
samples increases. This result means that a “younger” char effectively has more active sites than an 
“older” char on a per unit mass basis. A similar conclusion has been reported by other workers 
(e.gJ3.6.71) Since gasification occurs at active sites on which oxygen surface complexes are 
formed, a char with a higher active site concentration at low desorption activation energies will 
exhibit a greater reaction rate. 

The mean desorption activation energies determined from Eq. [41 are presented in Table I. As 
shown, they are almost constant with “age” for both resin and Wyodak coal chars. These values of 
mean desorption activation energies are similar to the apparent values determined from the 
reactivity measurements. They are also quite close to that reported for COz gasification of a PVC 
char by Hiittinger and Nil1 [141. It is clear that there is relatively little effect of char “age” on the 
mean desorption activation energy. Rather, the reactivity is controlled primarily by the active site 
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concentration, especially at the lower activation energies in the distribution. In a way, this is similar 
to the catalytic effect of metals and mineral matter on carbon gasification. That is, the catalytic 
effect in carbon gasification is predominantly an increase in the number of effective sites rather than 
the more typical catalytic effect of decreasing the effective activation energy. 

SUMMARY. AND CONCLUSIONS 
The objective of this work was to explore the relationship among char “age”. CO, reactivity, and 
thermal desorption techniques. The results indicate that the major influence of char “age” for the 
samples investigated is the concenmtion of active carbon sites, which is greater for the “younger” 
chars than for the “older” chars. There is little apparent effect of char “age” on the mean desorption 
activation energy. Comparisons of the apparent activation energies from reactivity measurements 
with those obtained from analysis of the desorption activation energy distributions show 
reasonably good agreement, which suggests that reactivities of both chars in one atmosphere of 
CO2 at the temperatures investigated are desorption ratecontrolled. 

It was determined that both chars exhibit energetically heterogeneous surfaces for all the samples 
examined. For these chars, the distribution of desorption activation energies can be. determined 
from TPD desorption specaa. Predictiodcorrelation of reactivities from the desorption activation 
energy distribution was shown to be feasible for the carbon-C02 reaction operating under 
desorption rate-controlled conditions for both resin and Wyodak coal char over the range of char 
“ages” investigated. 

It is noted that we have found very similar behavior for steam-gasified chars as a function of char 
“age” [15]. 
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Figure 1. The effect of pyrolysis temperature on CO TPD spectra (SOWmin) of Wyodak coal char 
gasified in 1 a m  of CO, at 825OC to 20% bum-off. 
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Figure 2. The effect of pyrolysis temperature on CO TPD spectra (50Wmin) of resin char gasified 
in 1 a m  of CO, at 89OOC to 5% burn-off. 
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Figure 3. Comparison of desorption activation energy distributions for Wyodak char pyrolyzed at 
various temperatures and gasified in 1 a m  of CO, at 825OC to 20% bum-off. 
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Figure 4. Comparison of desorption activation energy disuibutions for resin char pyrolyzed at 
various temperatures and gasifid in 1 a!m of C02 at 890°C to 5% bum-off. 
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Figure 5. Apparent mean active site concentration as a function of pyrolysis temperature for 
Wyodak char gasified in 1 atm of C02 at 825'C to 20% bum-off. 
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INTRODUCTION 

The relevance of thermal annealing of coals to the physico-chemical properties of the residual coke 
or char has been often addressed in the literature The emphasis is most frequently on the structural 
modifications induced by carbonization in relation to mechanical properties. More limited and 
sparse information is available on the influence of the severity of pyrolysis and of carbonization 
conditions on the reactivity of chars in the context of coal gasification 
Thermal annealing affects char gasification along two paths on one side it induces reordering of 
the turbostratic structure of coals, on the other side it affects the activity and distribution of mineral 
inclusions Both processes lead to char deactivation, their relative importance being dependent on 
the nature of the parent coal 
In this paper the effect of thermal annealing on the reactivity of char from bituminous coal in 
carbon dioxide atmospheres is investigated Experimental results are interpreted in the light of a 
simple reaction model 

I MODEL DEVELOPMENT 

The effect of thermal annealing on the reactivity of chars with carbon dioxide is afforded in a 
simplified manner. The detail of the individual processes that occur during thermal annealing is not 
considered: the whole spectrum of phenomena, including catalyst deactivation and carbon structure 
reordering, is lumped into a single deactivation step. 
It is assumed that before thermal annealing only carbon of type A is present. Along heat treatment 
carbon A transforms into a less reactive carbon, B. This is at the origin of deactivation. The two 
types of carbon, A and B, may be thought as differing by degree of graphitization, catalytic activity 
or pore structure. 
The kinetic model is based on a triangular network of reactions: 

Gaseous pmducls 

(1) the heterogeneous reaction of char A; 
(2) thermal annealing transforming A into B; 
(3) the heterogeneous reaction of char B. This 
reaction is slower than reaction (1). 
The following simplifying hypotheses are made: 
i. all reactions are irreversible; 
ii. all reactions are activated by temperature 

111. the kinetics of reactions ( I )  and (3) is first 
order with respect to the mass of A and B respectively; 

iv. the kinetics of reactions (1) and (3) is first order with respect to the concentration of the 
gaseous reactant (C02); 

v. the annealing process (2) is influenced neither by the gaseous atmosphere, nor by pressure; 
vi. the annealing process (2) is irreversible; 
vii. the kinetics of the annealing process (2) is first order with respect to the mass of A. 
At a given temperature mass balances for chars of type A and B are as follows: 

Annealing (2) 

Heal beefed char, B,., according to an Arrhenius type expression; Unbeafed w char, A 

dmA - Initial conditions: 
1) -- - m A  . k A .  pcO* + k A + B  ' m A  t=O d? 

"1RO + mBO = w O  
m,40 = w O  ' exp(-kA+,3 "HT) 

dm, - W- df - m, . k B  . pcOz - k A + B  . 

where mA, mB are the mass of type A and type B char, wg is the initial total mass of char, kA 
kg are the rate constants for the heterogeneous reaction of type A and B char respectively, pm is 
carbon dioxide partial pressure, and kA+B is the rate constant for the annealing reaction . 
Initial conditions take into account the possibility that heat treatment under inert atmosphere 
occuned for a time tHT, prior to gasification. 
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The reaction rate at zero carbon bum-of€, expressed as the rate of change of carbon conversion 
degree, f, is given by: 

At higher bum-off, solution ofthe system of equations (l)t(2), with the assigned initial conditions, 
yields the following expression for the instantaneous carbon gasification rate: 

It can be noted that the reaction rate at any bum-off is a hnction of the duration of heat pre- 
treatment (tHT) and is parametric in the value of the three kinetic constants, kA, kg and kA+B, 

The basic approach of the proposed model resembles that of a former one by Nagle and Strickland- 
Constable (NSC) (8). Formulated in 1961 to describe the oxidation of pyro-graphite at high flow 
rates, pressures of 0.2 atm, temperatures comprised between 1050 and 17OO0C, the NSC model 
took after the theory of Blyholder, Bindford and Eyrine (9) and assumed that two sites are present 
on the carbon surface, namely A, a more reactive one, and B, a less reactive one. Two 
heterogeneous reactions and one reaction of annealing were also considered, but their network 
differed from the one proposed in the present work. In particular the mass fraction of A was 
treated under a pseudo-steady state approximation. 

EXPERIMENTAL 

Experimental work has been focused on the gasification of chars with carbon dioxide. It has been 
directed to the evaluation of model parameters (kinetic constants for reactions (I), (2), and (3)). 
and to comparison with model predictions. 
Samples of South African (SA) coal, ground and sieved to the size range of 75-125 pm, have been 
carbonized in inert atmosphere at 900°C for different times, comprised between 1 and 300 min. 
Heat treated chars have, then, been checked for reactivity with C02 under standard conditions. 
Heat treatment was performed isothermally in a PL-TG1000M thermobalance after heating up the 
sample at a rate of 999Wmin. The themobalance operated at atmospheric pressure with a 50 
d m i n  flow of nitrogen. 
Standard reactivity tests were carried out isothermally in the thermogravimetric apparatus at 900°C 
and atmospheric pressure, with a 50 mVmin flow of carbon dioxide. Reaction rates have been 
expressed as rate of change of carbon conversion degree throughout the paper. 

RESULTS 

ikperimntal results 
The dependence of the instantaneous reaction rate df/dt on carbon burn-off, f is shown in figure 1. 
Data are relative to SA coal heat treated at 900°C for different tHT. Notably. reaction rate 
corresponding to different tHT converge at D0.55. The interpretation of these curves is deferred 
until Model results and vali&tion. 
The effect of tHT on char reactivity at 0% bum-off is reported in figure 2 for char heat treated at 
900°C for tHT comprised between 1 and 300 min. Reaction rates at 0% bum-off have been 
evaluated from dfldt versus f curves of figure 1 by linear extrapolation of data up to 1OOh bum-of€, 
A non linear decrease of initial char reactivity with duration of heat treatment is observed. 
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Evaluation of model parameten 
Model parmeters have been evaluated from reactivities of samples heat treated at 900'C for 
dierent m. 
The reaction rate constants of the heterogeneous reactions of type A and B char have been 
evaluated from dvdt versus f curves of samples heat treated for 1 and 300 min respectively (fig.]). 
The rate w m t  kA has been assumed equal to the extrapolation to O?h bum-off of the first 
curve, using data points corresponding to O<f<O.l; the rate constant k ~ ,  instead, has been based on 
the extrapolation to O?/o burn-off of the second curve, using data points corresponding to f M.65. 
The annealing constant has been evaluated from instantaneous reaction rates at O?h burn-off of 
samples heat-treated for different tHT (fig.2). On the basis of equation (3) of the model, once the 
rate coIlstants kA and ICB are known, regression analysis of data in figure 2 yields the amdtng  
Constant kA+B. Accordingly, kA+B turns out to be about 0.02 Il'lin-l. The best fit curve through 
the data is reported in fig. 2. 

Model resufts M d  vdidobon 
Figure 1 compares computed profiles of gasification rate versus bum-off with those obtained in 
experiments using different tHT. Fair agreement of model prediction with experimental data is 
observed. It can be noted that at f<0.55 reaction rates are higher and fall off quicker, the shorter 
the heat-treatment, while at B0.55 curves corresponding to different tHT converge, and reactivity 
appears no longer influenced by the duration of heat-treatment. 
The convergence of curves relative to different tHT can be explained considering that in the first 
stage both annealing of carbon A, and char oxidation are active at the same time, whereas, once 
carbon A is depleted, oxidation of carbon B remains the main process active. 
Notably, the occurrence of gradual transition from the reactivity of char A to that of char B, rather 
than a stepwise drop of reaction rate, is a consequence of the fact that the time scale over which 
annealing takes place at 9OOOC is comparable with those of the heterogeneous reactions 1) and 3). 
On the contrary, the pseudo-steady state approximation invoked by the NSC model implied that a 
stationary value of mass fraction of A was reached over a time scale much shorter than that of the 
gasification reaction. 
On account of the closeness of annealing and gasification time scales at temperatures around 
9OO0C, it can be argued whether annealing is the key factor for the evolution of char reactivity 
throughout conversion. 

DISCUSSION 

A rough order of magnitude evaluation of the time scale of the annealing process as compared with 
those of reactions with oxygen and carbon dioxide over a wide range of temperatures will be 
attempted in the following. 
A kinetic constant of annealing of 0.02 min-l has been evaluated at 900°C in this work. 
Accordingly the time required to transform the 95% of mass A into B would be approximately 140 
min. Estimates of time scales of annealing at different temperatures are directly or indirectly 
provided in a number of papers (1,3,7). All these points have been located in the diagram of figure 
3, reporting the process time scale versus reciprocal absolute temperature. 
The solid line in figure 3 has been simply obtained by extrapolation to different temperatures of the 
annealing time evaluated in the present work at 900°C. The activation energy value of 97000 
cdmol has been used in the extrapolation. This value is that suggested by NSC and lies within the 
broad range of activation energies for annealing proposed in the literature (between 20000 (2) and 
200000 (9) caUmol ). 
The analysis is pursued hrther by comparing the time scale of annealing with those of the C-02 
and G C 0 2  reactions. 
In figure 3 a characteristic time of reaction, defined as the inverse of the reaction rate (dOdt)pO, is 
also plotted as a function of 1TT. Plots are relative to heterogeneous gasification of SA char with 
carbon dioxide and with oxygen in air, and have been obtained from extrapolation of experimental 
data at 1173K (IO) and 693K (11) respectively. Activation energies suggested by Salatino et al. 
(IO) and D'Amore et. al (11) (45000 caVmol for reaction with carbon dioxide and 29000 caVmol 
for reaction with oxygen) have been assumed. 
The limitations of the comparison afforded in figure 3 lie, on one side, in the considerable 
uncertainty xi regards the activation energy of annealing, and, on the other side, in the inadequacy 
of extrapolations of intrinsic kinetic data to temperatures where diffusion resistances may be 
relevant. Being aware of all the above approximations, it can be speculated that: at temperatures 
lower than 1173 K the rate of annealing is lower than the rate of reaction with both CO2 and 02. 
At about 1800K the time of annealing and the time of reaction with oxygen we comparable, 89 
Davis et al. (7) found experimentally, and both are shorter than the time of reaction with carbon 
dioxide. At temperatures typical of entrained coal gasification processes (>18OOK) the time scale 
of thermal annealing should be shorter than the timascale of both gasification reactions 
considered: under these conditions, neglecting annealing when estimating reaction ra te  for 
entrained coal gasification processes may lead to serious overestimation. 
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CONCL. USIONS 

A very simple approach has been undertaken to clarify the interactions between annealing and 
gasification reactions. A model based on a triangular network of reactions shows some ability to 
match experimental reactivity profiles over the entire range of carbon bum-offs. 
A pronounced &ect of the heat treatment of coal on the reactivity of its char towards C02 has 
been observed at the temperature of 900°C. Under the experimental conditions investigated 
thermal annealing OCCUR over time scales comparable with those of gasification reactions. 
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INTRODUCTION 
The novel allotrope of carbon, fullerene is a molecular analogue to the other form of s$ hybridised 
carbon, graphite. In our general attempt to understand the carbon-oxygen reaction at an atomic bvel 
we use fullerenes as reference compounds in oxidation studies as they will not exhibit influences Of 
electronic defects on the reactivity. The van der Waals crystals of Cm and of C ~ O  can be prepared by 
slow sublimation with single crystalline quality and in absence of any detectable phase impurity due 
to the molecular separation procedures for the sublimation precursors. It is equally convenient to 
work on thii films of fullerenes on e.g. silicon (100) surfaces, on large single crystals and on 
sublimed powder. 
Solid fullerenes are air-sensitive materials. They degrade quickly within minutes into a stage of 
reduced solubility and become eventually fully polymerjsed upon air/sunlight exposure at 300 K(1). 
This property is reminiscent on coal degradation, a process in which a variety of gases are released at 
low rates. We fust investigate this initial step of reactivity of fullerenes with air using temperature- 
programmed methods. 
Upon thermal treatment gasification sets in at 573 K with a steep increase in rate at 720 K (2). We 
will investigate the steps of oxygen activation and fullerene attack in this window of low reactivity by 
FT-IR , by X-ray absorption spectroscopy and by XPS. 
The pattern of gasification in temperature-programmed TG-MS experiments will be compared for 
the C, fullerene and several other carbon materials in order to evaluate on the validity of the 
fullerene oxidation as model for the graphite oxidation reaction. 
Intercalation of oxygen into the octahedral voids of CSO crystals was found to proceed without 
oxygen dissociation at 300 K (3). The process was described as being reversible at 300 IC 
Polymerisation of CSO at 300 K was observed to proceed to 80% in seven days under oxygen 
containiig 2.6 % ozone (4). Photo-oxidation at 300 K was investigated with a thin film of C,. An 
intermediate di-carbonyl structure of a fderene dioxide was suggested based upon an IR ahsorption 
at 1750 cm-I. A second broad absorption at IO00 cm-1 remained largely unexplained (5). 
High-temperature oxidation of Cm was found to begin at 525 K. IR bands at 1780 cm-1 were 
assigned to cyclic anhydrides, a second feature at 1590 cm-1 to isolated C=C double bonds. 
Additional discrete peaks at 1102 cm-1, 1037 cm-l and 958 cm-l which are superimposed on a 
broad intense background remained unassigned (6). The possible presence of the fullerene monoxide 
as epoxide structure can be ruled out on the basis of the absence of its single intense fingerprint peak 
at 867 cm-I. The reactivity of fullerenes and graphitic carbons against oxidation in air was studied 
with kinetic methods (7). Several batches of Cm showed different quantitative reaction behaviour but 
produced a l l  a mixture of CO and C@ in a two-peak reaction profde centred around 730 K. A 
significant weight uptake in oxygen of 0.73 mole oxygen per mole fullerene was detected at lower 
temperature than the reaction onset occurred. Intercalation of C@ during attempts to determine the 
surface area was observed whereas dinitmgen did not intercalate. We have previously studied the 
interaction of oxygen with fullerenes using a variety of methods. The correlation of these data with 
kinetic observations is described in a recent review paper (8).\The present work contains new results 
which are based upon the observation that the pre-history of the material plays an essential role in its 
gas-solid interface chemistry. Contrary to the basic expectations, the defect structure of the 
molecular crystal controls the intercalation of gases into the void system of the crystal and pre- 
determines the low-temperature reaction to oxygen-adduct precursors and controls the degradation 
of the molecular crystal by oxidative polymerisation. For this reason, even air-exposure for minutes 
causes irreversible damage to a fullenme crystal and generates an illdefmed initial status for a 
reaction experiment AU sample preparation and fullerene manipulation was canied out with freshly 
sublimed material in a glove box with a controlled level of less than 1.0 ppm of oxygenate 
contamination. This Veatment gave quantitatively reproducible data with no differences in 
characteristic parameters between sample batches and minimised the weight uptake prior to  
oxidation. In this way characteristic differences between C, and C ~ O  became apparent as the 
different fderene structures cause differences in reactivity which are smaller, however, than the 
spread in properties due to illdefied materials. The &-induced degradation destroys the molwular 
nature of the fullerene crysral first before more obvious effects like the accumulation of oxides can be 
detected spectroscopically. 

RESULTS 
INTERCALATION OF OXYGEN 
Clean fullerenes were transferred in a TDS apparatus and exposed in-situ for 24 h to synthetic air at 
ambient pressure. The results of the following TDS are shown in Figure 1 for the two fullerenes. The 
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two experiments first show that both fullerenes can intercalate a large amount of AI during storage 
at 300 K. They further intercalate oxygen which replaces partly the Ar during exposure to air at 300 
K. Furthermore, the oxygen reacts with the carbon skeleton under formation of labile C-0  

Figure 1. TDS profiles of fullerenes stored under Ar 
afer exposure to air at 300 K and ambient pressure. 
The linear heating rate was 0.27 Ws. Desorption 
occurred into UHV. The sample size was with 10 mg 
identical for both experiments. The experiments were 
halted at 623 K due to beginning sublimation . The 
absence of nitrogen under the d e  28 peak was 
checked with the absence of an d e  14 peak. The 
high pressure experiment (bottom plot) was carried 
out with a different sample holder and a different 
sample mass. Note the reduced scale for the d e  32 
peak 
groups or even under formation and intercalation of 
CO as can be seen from the d e  28 traces. This 
reactivity is quite different for the two fullerenes with 
CSO being more stable, as expected from its more 
,,aromatic" and highly symmetric valence electronic 
structure. Above 450 K both fullerenes react in a 
thermally activated form with oxygen which was not 
evolved at 400 K 1380 K respectively. This oxygen 
seems to be present in a more strongly bound and 
already activated form(epoxide) converting into 
gasification products at temperatures well below the 
literature values of gasification activity (2.6.8). The 
shapes of the desorption profiles indicate different 
reaction orders caused by thc different relevance of 
bulk diffusion terms on the overall process. The 
spherical symmetry of Cm giving rise to isotropic gas 

diffusion is more suitable to enclose a l l  gases irrespective of their chemical nature (Ar and di- 
oxygen), for the uniaxially elongated c70 molecule the gas diffusion in its solid is anisotropic but the 
chemical interaction seems less efficient as evidenced by the lower initial desorption temperature. 
The fact that the noble gas desorbs at higher temperatures than the di-oxygen can be accounted for 
by the different location in the crystal. The oxygen is intercalated in an outer shell of each crystal, the 
Ar evolves from the inner core. In addition, it has to penetrate the damaged regions of the fderene 
crystals which occur as consequence of the partial gasification. As the precursor to the gasification k 
molecularily disperse, this reaction is not topotactic and attacks every molecule within the shell of 
intercalation. A large number of partly oxidised molecules with dangling bonds and reactive C=C 
fragments will remain which can stabilise themselves by polymerisation into a three-dimensional 
network of non-planar basic structural units. In the presence of oxygen these defective fullerenes are 
activated precursor structures for enhanced gasification. 
Raising the total pressure of air to 10 bars causes the reaction front to move deeper into each crystal 
This is illustrated for C ~ O  where the di-oxygen desorption occurs at the same position but with a 
much higher intensity than after exposure at one bar. The ,aoise" on the Ar trace indicates the 
eruptions of the gas protruding through the now dense solid-solid reaction interface between 
oxidised and intact fullerene. It is noted that the fraction of di-oxygen which is activated to cause 
gasification is not changed by the total pressure which only increased the abundance of molecular 
oxygen intercalated. 
In all these experiments the evolution of C@ is low but begins exactly with the evolution of di- 
oxygen. This indicates that only few fullerene molecules are more deeply oxidised than to the 
carbonyl stage. The fact that in all experiments a rise in the C G  partial pressure above 500 K is 
observed, indicates that a second process of oxidation requiring a higher thermal activation occurs 
and that a significant amount of oxygen which does not recombine to di-oxygen, resideswithin the 
fullerene crystals. It was verified that this sequence of events is independent of the optimised low 
heating rate. 
The observation that CSO holds gas molecules more strongly than C,o was verified in a static 
experiment proving the ability of the system to intercalate molecular CO in the same way as 
molecular oxygen. Ar-loaded fullerenes were degassed with He at 573 K in-situ in a hi& pressure 
DRIFTS cell and exposed to 5 bar CO at 400 K for Ih. Both intercalated species show a red shift 
(2125 cm-1) to the gas phase (2170.21 cm-I) and CSO an extra shift of 5% which is in the expected 
order of magnitude according to the TDs experiments. This experiment is a chemical probe for the 
overall weak bonding interaction between fullerene host and diatomic guest molecules. 
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ELECTRONIC STRUCWFG OF OXO-INTERMEDIATES it 
Photoemission and photoabsorption with tuneable excitation wavelengths were used to study the 
chemical bonding of the intermediates causing the CO emission at 370-400 K and the enhanced c a  
emission at 570 K. The valence band electronic structure of both fullerenes is characterised by a 
sequence of well-resolved molecular states which were probed with 100 eV excitation energy to 

Figure 2: Valence band spectra of fullerene film in their 
pristine state and afrer oxidation at 570 K in 500 mbar 
oxygen (in-situ experiments). The data were recorded at 
the SX700 I beamline at the BESSY synchrotron. The 
Fermi edge was calibrated with a gold sample. 
ensure a minimum cross section modulation of a and x 
states. This situation is not drastically altered upon 
intercalation of oxygen at 300 K and heating up to 400 K 
where already significant chemical reactivity was detected 
by the bulk-sensitive TDS technique. This implies that the 
average surface structure is containing up to 400 K still a 
large abundance of intact fullerene molecules. As can be 
seen in Figure 2, the surface undergoes complete 

polymer structure with extended electronic states 
chamcterised by a resonance at 4.6 eV and a broad band 

around 9.5 eV. These peaks are not those of graphite (2.8 eV and 7.5 eV) but belong to oxygenated 
(O2p emission at 4.6 eV) partly unsaturated carbon-carbon bond systems. The corresponding C 1s 
XPS data show three structures at 285.6 eV for the carbon-carbon skeleton (not graphitic, would be 
at 284.6 eV) and at 287.1-eV and 289.2 eV for oxygen-carbon single and double bonds. This 
classifies the chemical reactioa leading to CO emission as a process creating mainly defective 
molecules such as holey fullerene cages with some oxygen functionalities at the empty co-ordination 
sites. Further thermal treatment is required to remove the C-0,functions under C@ evolution and to 
create free carbon co-ordination sites which are saturated by ho'nio-polymerisation with either intact 
molecules (they act as electrophilic unsaturated entities) or with neighbouring damaged cages. The 
abundance of oxygen functionalities is larger on C ~ O  than on C ~ O  although both species give rise to 
exactly the same spectral positions indicating the close similarity of the chemical bonding. 
The modified reactivity of oxygen at different temperatures should be reflected in different chemical 
bonding of the oxygen precursors which must be present in a more reactive form at 370 K than at 
570 K. X-ray absorption spectroscopy is well-suited to prove this as it is element-specific and offers 
high chemical selectivity. The discrimination of the chemical structure of the oxygen precursors at 
the two temperatures is shown in Figure 3. At 370 K a sp ies  with oxygen single bonds well- 
compatible with an epoxide (but no peroxide) or an ether structure is detected. The characteristic 
feature for this is the low intensity of the A* resonance indicating the hybridisatiodoccupation of 
these states. At 570 K the oxygen is bonded via double bonds as can be seen from the now 
prominent X*  resonance at 532 eV. 
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Figure 3: X-ray absorption spectra at the 0 1 s  edge of CS, film 
oxidised at 370 K and 570 K in 500 mbar oxygen for 10 h each. 
The absence of any detectable oxygen after exposure of the film at 
300 K indicates that the chemical bonding of intercalated 
molecular oxygen was too weak to prevent desorption of the 
surface-near layers in the UHV of the spectroscopy experiment. 
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DYNAMICS OF THE OXIDATION 
In-situ DRIFTS spectroscopy was used to investigate the 
participation of the two oxo-intermediates in steady state reaction. 
The lowest possible temperature at which steady state conversion 
occurred with both fullerenes was 570 K. At this temperature the 
samples were exposed to 250 d m i n  synthetic air and spectra were 
recorded as difference spectra to the initial state. In previous 

experiments it was shown that also at 470 K the formation of additional IR absorptions around 750 
cm-1 and loo0 cm-1 occurred which is in agreement with the formation of carbon-oxygen inseaion 
precursor compounds. The data in Figure 4 provide clear evidence for the formation of several 
oxygen-containing intermediates which are present under steady state oxidation. The low 
temperature was chosen to allow sufficient data to be accumulated for verification of the steady 
state. The spectra indicate the same functional groups to be formed than detected in a recent study of 
oxidised carbon blacks (9). The spectral quality is, however, much better in the present case due to 
the detection of in-situ spectra (without intermitting the oxidation process and without dilution of the 
carbon materials). 
We observe a split carbonyl band around 1750 cm-1 indicating the presence of other C=O groups 
besides the cyclic anhydrides for which the high frequency of the absorption is characteristic. The 
1580 cm-1 band for isolated double bonds is very prominent and occurs in both fullerenes with the 
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solubles with toluene, E= activated carbon Norit A, F= graphitic electrode deposit (nanotubes). 
same intensity irrespective of the quite different initial electronic structure. The negative sharp bands 
arise from the loss of molecular fullerene abundance in the gasifying samples. We note that in the 
non-extracted fullerene black the molecular fullerenes are oxidised preferentially over the other 
carbon as the bands of Cm occur as negative pattern. The molecular bands are superimposed on a 
broad structure peaking at IO00 cm-I, which was observed in all oxidation studies of fullerenes ( 6 3 )  
and with oxidised carbon blach (9). C-0 single bond features and the fmgerphts of C-C overlap 
here with high frequency aromatic substitution bands. Such bands occur further at lower frequencies 
of about 900 cm-1 and 750 cm-1. AU these features were also detected in the carbon black oxidation 
study (9) and are discussed there with respect to the previous literature. The perfect agreement of 
the spectral features between all materials with nominally only sp2 bonding clearly reveals that the 
reaction mechanism detected in detail for the model compounds of fullerenes should qualitatively 
apply for planar sp2 carbon materials. 

GASIFICATION OF NLLERENES 
Temperature-programmed gasifcation data were obtained from TG-MS experhen& in synthetic air 
(250 ml/min, 5Wmin heating ramp). The results for Cm are displayed in Figure 5. 

Figure 5: Combined TG-MS gasification experiment of 2.5 mg 
Cm in synthetic air. A horizontal sample pan with a specially 
directed gas supply and a high throughput ensured the absence 
of mass transport limitations. A special mass-spectrometer of 
the IMR-MS type allows to monitor the selectivity without 
interference with detection of molecular nitrogen and without 
fragmentation overlap. Note the log ordinate in the MS 
resoonse dot. The weinht uotake before pasification is low due * '  . , .  < . , -  
to the high crystal quality of the material which w m  not air- 
exposedprior to the gasifcation experiment. 

\ The eas evolution curve indicates the onset of easification at 
* 

carbon samples which gasified der our ex&xhental conditions all in a double-peak fashion with a 
slower initial rate and an accel-ah reaction, the fullerene gasifies also in a two- 
step sequence (7) but with an accelera event. This is taken as indication for the action of the 
accumulated precursor compounds which leave a large number of defective fullerene molecules after 
cage-opening oxidation steps. The DTG curve (not shown) reveals that about 20 '3% of the total mass 
burns with the accelerated rate. This amount of material coincides with the number of molecules in 
the skin of oxygen penetration under ambient pressure which was shown to exist in the data of 
Figure 1. 

THE REACTION MECHANISM 
The observations indicated above and results from kinetic experiments (2.8) can be combined in a 
sequence of events for the fullerene oxidation. It is pointed out that no qualitative difference was 
found for the two molecular fullerenes and the D m S  data indicated that the mechanism should 
also apply for other sp2 carbon materials. A schematic representation is given in Figure 6, for 
energetic details see ref. (8). 
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Figure 6: Schematic diagram of the sequence 
of events in fullerene oxidation: The end 
products besides CO and C02 are fullerene 
oxides, a homopolymer and carbon oxides 
with defective fullerene structures. The 
control variables are oxygen partial pressure 
and temperature. 
The reaction starts with an intercalation of 
molecular oxygen into the van der Waals gaps 
of the molecular solids. With little thermal 
activation dissociation occurs and labile 
epoxides are formed besides activated atomic 
oxygen which will react with other 
electrophilic centres on the fullerene 
molecules. As long as the temperature is kept 
low (370 K) and the oxygen partial pressure 
remains present, the epoxides will be retained 
as fullerene oxides (epoxide or oxygen 
insertion compound). These materials are, 
however, not stable and will eventually react 
under, ring opening and CO evolution to a 
defective fullerene molecule. Stabilisation of 
this state will occur at low oxygen pressures 
by homo-polymerisation. At higher partial 

pressures oxygen will be inserted in the form of e.g. cyclic anhydrides. Above 470 K these structures 
will evolve C a  and cause ring opening in the already attacked fullerene molecule. Should the 
oxygen partial pressure be low again (e.g. in TDS experiments, or during thermal processing), 
stabilisation by polymerisation will occur. At still sufficient partial pressures of oxygen carbonylation 
of the defective structure (5 )  will follow which remains as metastable product up to 570 K but which 
gasifies readily at higher temperatures entering a reaction loop ending with complete combustion (6). 
The reaction product of a polymer will not occur frequently with planar carbons (pinning defect) but 
the other products as well as the control variables do also occur with conventional carbon materials. 
The non-planar bonding geometry of the fullerene surface leads to an accumulation of the metastable 
intermediate products of carbon oxidation as they are formed at lower temperatures than on planar 
surfaces. For this reason it was possible to observe these intermediates in convenient abundance (9) 
for spectroscopic characterisation. At higher temperatures of above 700 K whek gasification rates 
become significant for all carbon materials (7) the abundance of the incrmediates will be much 
reduced also for fullerene carbon. Their ease of formation may, however, affect the overall kinetics 
detectable in macroscopic gasification experiments (7) as illustrated with Figure 5. The relevance of 
molecular intercalation of oxygen in graphitic carbon and the eventual localisation in between 
graphene galleries or at defect sites is currently under study. The higher temperatures required for 
intercalation in graphitic carbon than for fullerene carbon renders any detection with structural 
methods difficult as can be estimated from the localisation (IO) of the extra oxygen in Cso . 
In conclusion, the different topologies of curved fullerenes and planar sp' carbon cause a different 
abundance of oxo-intermediate compounds at low reaction temperatures. The higher chemical 
energy of the curved fullerenes allows for a lower activation energy for intermediate formation as 
well as the total ,,internal" surface of the fderene crystal reacts as compared to the low abundance 
of reactive prismatic surfaces in planar carbon. High quality spectra were accessible for the 
intermediates allowing to observe some atomistic details of the carbon oxidation process. 
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OF DIFFWlENT OXIDATION RATES 
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Abstract 
Two purification metho& of nanotubes from a cathode deposit by an arc plasma were 

conducted by means of different oxidation rates of various graphites. One was chemical and 
the other physical method. Both could purify nanotubes at their optimum conditions. In the 
former, the catalytic oxidation was used of graphite materials by copper. Copper supported 
graphite was prepared by the intercalation of copper chloride and by the reduction to metal 
copper. The catalytic oxidation decomposed the graphite at 773 K and less. The temperature 
was significantly lower than the oxidation temperature former reported of graphite, which 
enabled purification. In the latter, dispersion, comminution and filtration of a cathode deposit 
in ethanol were used to separate coarse graphite. The rate of weight loss by oxidation 
increased with the decrease of size of the graphite. Nanotubes were more slowly oxidized 
from the edges than the graphite of the same size. This could purify nanotubes. 

1. Introduction 
Carbon nanotubes were first observed by Iijimal) in cathode deposits produced by an arc 

plasma method. They are completely novel carbon materials which have the property of either 
metal or semi-conductor according to the diameter and helical pitchz). Carbon nanotubes are 
also expected to have about two order higher fracture strength than that of commercial carbon 
fibers due to few defects in carbon crystal structures. Other carbon materials like graphite 
and amorphous carbon existed together with carbon nanotubes in the cathode deposit. 
Different from C60, carbon nanotubes are not dissolved in any organic solvent. Carbon 
nanotuks have to be purified from these carbon materials not only to analyze the properties 
but also to utilize the unique properlies for industrial applications 

Some methods3)d) were proposed for the purification. These methods were based on 
oxidation methods. But carbon nanotubes and other carbon materials in cathode deposits are 
not considered that they have much different oxidation rates. Some process was inevitable to 
enlarge the difference of oxidation rates between carbon nanotubes and the other carbon 
materials before oxidation. Two such methods were developed in our group; one was 
chemical,the other physical method. 

2. Experimental procedure 

2.1 Sample 
In chemical method, graphite powder(Nippon Carbon Co., SAD-4) was used for a model 

graphite. The diameter ranges from #IO0 to #325(about 44-149km). Crude nanotubes, i t .  
as-prepared cathode deposits were purchased from Shinku Yakin Co. or were prepared by an 
arc plasma in our laboratory. The weight percentage of nanotubes contained in the cathode 
deposit was not known. 

2.2 Basic idea of both methods and procedures 
chemical method The ChemiGll method is based on the concept that graphite 

intercalation compounds(G1C) are not synthesized in the case of carbon nanotubes because of 
the rigid structure of carbon nanotubes. Some metals like copper, molybdenum and so on 
catalytically oxidize graphite7) at a rather low temperature. When graphite materials in 
cathode deposits intercalate such metal, for instance. copper, carbon nanotubes are expected to 
be purified at a rather lower tmpeI'ature. Fig.1 is the procedure of chemical purification 
method. In our experiment copper was selected as a catalyst. Copper chloride-intercalated 
graphite(CuCI2-GIC) was prepared, followed by the reduction of chloride to metal copper, 
because copper-intercalated graphite was not obtained directly and chloride-intercalated 
graphite was stable in the air. Copper chloride-intercalated graphite was reduced either by gas 
phase containing hydrogen at 773 K for 1 hour or by metal lithium in THF containing 
naphthalene at room temperature for 1 week. Thus prepared graphite is hereafter called as 
copper supported graphite. 

on the diameter of the material. There were various kinds of carbon materials in as-prepared 
cathode deposits, some of which were rather coarse graphite particles with lower oxidation 
rate than carbon nanotubes. Only very small portion of existing carbon nanotubes would 
survive when the as-prepared cathode deposits containing carbon nanotubes,amorphous 
carbon and graphite materials, were oxidized all together. Separation process is necessary of 
rather coarse carbon materials, i.e. coarse graphite from the as-prepared cathode deposit 
before oxidation process. Schematic procedure of the physical method is shown in Fig.2. 
Dispersion in methanol, classification by centrifugal forces and comminution in methanol of 

f&idm&& Basic idea is that the apparent oxidation rate of carbon material depends 

I 
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cathode deposits were utilized to separate graphite particles with larger Stokes' diameter than 
carbon nanotubes. Then purified carbon nanotubes would be obtained by higher oxidation 
rate of the cathode deposits with equal and smaller Stokes' diameter than carbon nanotubes. 

2.3 Characterization 
Particle size distribution was measured bv centrifugal settling ohotoextinction - -_  

method(Shimadzu SA-CP3). 
Thermogravimetric analyzer(Shinku rikou, TGD 9600) measured the oxidation rate of the 

cathode deposits remaining in each separation step in the physical method and of graphite and 
copper supported graphite in the chemical method. The sample weight was usually ca. 10 
mg, but was c a  2 mg in the case of the cathode deposit remaining in each separation step in 
the physical method. Temperature was raised at a rate of 10 Wm. 

deposits and of purified carbon nanotubes. 

,graphite,copper chloride-intercalated graphite and copper supported graphite. 

3. Results and discussions 

3.1 Chemical method 
Copper chloride-intercalated graphite(CuC12-GIC) and copper supported graphite were 

identified by XRD profiles as shown in Fig.3. Oxidation rate measured by 
Thermogravimetry (TG.) is depicted in Fig.4. Copper supported graphite was oxidized at a 
considerable rate at the low temperature of 673 K. 

Copper particles in the cathode deposits after the reduction by hydrogen seemed a little 
larger than those by metal lithium. The reduction by metal lithium was therefore considered 
better for the purification of crude nanotubes. 

Oxidation was examined from 673 to 873 K Fig.5 shows the photographs at the 
oxidation temperature of 773 K. Even at the low temperature of 673 K carbon nanotubes 
could also be purified. The temperature was ca. 350 K lower than that of Ebbesen's method. 
The chemical method needs some reagents and takes time, but is very easy to be conducted. 

3.2 Physical method 
Figs 6 and 7 show the particle size distribution and oxidation rate of as-prepared 

cathode deposit and the cathode deposit remaining in each separation step. Apparent 
oxidation rate increased with the decrease of the particle size distribution of the remaining 
cathode deposit. The apparent activation energy also decreased with the decrease of the 
particle size distribution. 

Purified carbon nanotubes are shown in Fig& which shows this method could separate 
graphite from the as-prepared cathode deposit. The oxidation temperature of 823 K. The 
temperature was about 200 K lower than that of Ebbesen's method. One of the defects in this 
method is rather tedious and needs skill. 

4. Conclusion 
Two purification methods were proposed of carbon nanotubes from as-prepared cathode 

dep0sits;one was chemical, the other physical method. Followings are the results induced. 
(1) Both methods purified carbon nanotubes from as-prepared cathode deposit. 
(2) The oxidation temperature was greatly lower than that of Ebbesen's method; ca. 350 K in 
chemical method and 200 K in physical method. 
(3) Any process was inevitable to enlarge the difference of oxidation rate between carbon 
nanotubes and the other carbon materials containing in as-prepared cathode deposit. 
(4) Optimization of the two methods is still necessary according to the. varying property of as- 
prepared cathode deposit. 

SEM(Hitachi, S-800 with EDX) was used for observation and element analysis of cathode 

XRD(Phi1ips PW1800) was used to measure the crystal structure of cathode deposit 

Oxidation was also conducted with Thermogravimetric analyzer. 
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Fig.5 SEM photographs at the same position of cathode deposit at the oxidation 
temperature of 773 K (left; 773 K lh ,  right 773 K 3h in Chemical method) 
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Fig.6 Particle size distribution of cathode deposit remaining in each separation step 
of physical method(Symbols(B-F) correspond to the symbols in Fig.2) 
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Fig.7 Oxidation rate of cathode deposit remaining in each separation step 
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Fig.8 SEM photograph of cathode ' 
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Introduction 

Carbon nanotubes synthesized using arc discharge evaporation method always include 
graphitic carbon, amorphous carbon and carbon nanoparticles. The purification step is needed to 
precisely characterize the physical and chemical properties of nanotubes and to study the 
application of those. Recently, the purification of nanotubes by the gasification with oxygen'). *) 
or carbon dioxidG) was carried out. However, few studies on the mechanisms of gasification of 
carbon nanotube-containing materials have been reported. In this study, the gasification 
behaviors of nanotubecontaining materials and nanotubes were investigated by fixed point 
observation techniques with scanning electron microscope (SEM) and transmission electron 
microscope (TEM). 

Experimental 

Materials 

Samples synthesized by arc-discharge evaporation method (Vacuum Metallurgical Co., Itd., 
Type-3) in National Institute of Materials and Chemical Research were used. The conditions of 
synthesis were DC voltage of 18V and He pressure of MOTorr. An inner black core of the 
cathode product was picked up. Then, the core was crushed and dispersed in methanol with the 
use of a sonicator. The sample recovered as a float was used as raw materials in this study. 

Gasification 

The gasifiation of sample was carried out in a thermo-balance (Shinku Riko; TGD-7000). 
After evacuation and substitution with Nt gas, sample was heated up to a desired temperature 
with Nt flow. Then, reaction gas was introduced into the reactor and the gasification of sample 
was initiated. The experimental conditions were as follows : oxygen (l,lOvol%) ?73K, 823K, 
IOUK, 1073K; carbon dioxide (lOOvol%) 1173K. 

SEM and TEM observations 

A series of SEM observation and gasification of sample was carried out as follows. The mw 
materials put on Si wafer was observed with SEM and then set in the thenno-balance. After the 
sample was gasified for a desired reaction time, the area selected by the previous observation was 
observed with SEM, again. These procedures were repeated several times. The SEM used was 
JEOL JSM-5300. In the case of TEM observation, sample was put on copper grid (1100mesh). A 
series of TEM observation and gasification of sample was essenntially similar to the case with 
SEM mentioned above. TEM observations were carried out using JEOL 1200EX at ACCV of 
1oOkV. In these experiments, more than 10 fields were observed and more than 50 photograghs 
were taken for each sample. It is very important to observe many fields because microscopic 
observations are apt to give prejudiced informations. 

Results & Discussions 

Reactivity 

Nanotube-containing materials were gasified in a thermo-balance. Figure 1 shows the 
gasification profiles obtained under various conditions. The reactivity of sample toward oxygen 
was so high that about Wwt% of sample was gasified in Smin at conditions of 1M3K and 
lOvol% of oxygen. The activation energy for oxygen gasification was estimated as about 
140kJhol. The gasification profile of sample in carbon dioxide was somewhat peculiar. The 
conversion was smoothly increased up to around 7Owl%, and the gasification was seemed to be 
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saturated after that 

Gasification behaviors of nanotube-containing materials 

A series of SEM observation and gasification of sample was repeated several times. Figure 2 
shows the SEh4 photographs of raw material and the samples parhally gasified. The gasification 
temperature was 1023K. Besides carbon nanotubes, many large lumps of carbon and many 
carbon nanoparticles were observed in the raw material. As the reaction progressed, other 
carbonaceous materials were gradually consumed and only carbon nanotubes were remained at 
Smin of reaction time. This is due to the difference in the reactivity between carbon nanotubes 
and other carbon materials. In the course of gasification, many tubes were newly appeared from 
lumps of carbon materials. Careful observations revealed that not only other carbonaceous 
materials but also carbon nanotubes were damaged by oxygen gasification. Figure 3 shows the 
results obtained at 823K. The total conversion was about 90wt%. No remarkable difference in 
the gasification rate between other carbon materials and nanotubes was observed. Therefore, 
considerable amount of other carbon materials were remained in the sample gasified. It may 
safely be said that it is better for the efficient recovery of nanotubes to gasify raw material with 
oxygen at a high temperature such as 1023K than at a low temperature of 823K. In the case of 
C G  gasification at 1173K. as the reaction progressed, large lumps of carbonaceous materials 
were gradually gasified just like the case of oxygen gasification. A number of carbon 
nanoparticles, however, were remained in the sample. Further purification step will be needed. 

Gasification' behaviors of nanotubes and nanoparticles 

To clarify the gasification behaviors of nanotubes and nanoparticles, a series of TEM 
observation and gasification of sample was repeated several times. The gasification temperature 
was 1023K. A wide variety of gasification manners of carbon nanotubes were observed. It was 
often recognized that the gasification of nanotube was initiated from the cracks, defects and 
strains in nanotubes. Other typical gasification manner was shown in Figure 4. It can be seen 
that nanotube was gasified from the tip of the tube. This gasification manner was often observed 
in this study and reported by Tang et al.3). The diameter of tube was reduced from 18nm to 
1 lnm near the tip (point-A) and from 20nm to 15nm at point-B in 5 seconds. From these results, 
the gasification rate of carbon nanotube is able to be measured directly. A carefull observation 
showed that the tip angle of closed layer near the cap was enlarged as shown at point-C. Figure 
5 shows the gasification manners of tubes and particles. In this field, many nanoparticles were 
observed as shown in Figure 5a At Ssec of gasification time, some nanoparticles were 
considerably damaged and outer layers of some nanotubes were stripped off. Finally, almost all 
the nanoparticles were gasified at lOsec. The gasification rate of the irregular-shaped particles 
was higher than that of smooth-faced panicles. 

and 7. As the reaction progressed, the outer layers were transformed to amorphous and the 
spacing of the lattice was enlarged (Fig. 6).  I t  was commonly observed that relatively thin tubes 
just as pointed by arrow in Figure 6 were swelled by the oxidation. The pitting formation by the 
oxygen gasification was sometimes recognized on the cylindrical outer surface of tubes (Figure 
7). As a whole, no obvious difference in the gasification rate between nanotubes and 
nanoparticles was recognized at 873K. This is consistent with the results obtained with SEM 
observations. 

Similar experiments were carried out at 823K. The results obtained were shown in Figures 6 

Conclusions 

The gasification behaviors of carbon nanotube-containing materials were clarified by SEM 
and TEM observations. The gasification rates of other carbonaceous materials were higher than 
those of nanotubes at 1023K. A wide variety of gasification manners of nanotubes were 
observed. The gasification manner of nanotubes strongly depended on the gasification 
temperature. 
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Fig. 2 SEM images of samples before and after O2 gasification at 1023K 

(a) rawmaterial 
@) reaction time 0.5 min (c) reaction time 1 min 
(d) reaction time 3 min (e) reaction t i e  5 min 
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Fig. 3 SEM image of sample 
after Ot gasification at 8238 

Fig. 4 TEM images before and afler 
0 2  gasification at 1023K 

(a) raw material 
(b) reaction time 5 s 
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Fig. 5 TEM images before and after 
0 2  gasification at 1023K 

(a) raw material 
@) reaction time 5 s 
(e) reaction time 10 s 
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Fig. 6 TEM images of samples before 
and after 0 2  gasification at 823K 

(a) rawmaterial 
(b) reaction time 20 s 
(e) reaction time 40 s 
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Fig.7 TEM images of samples before 
and after 0 2  gasification at 823K 

(a) rawmaterid 
(b) reaction time 10 s 
(c) reaction time 30 s 
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INTRODUCTION 
In the current work, a new approach is explored for the characterization of porosity and porosity 
development in carbons and chars. It is shown that there exist both qualitative and quantitative 
relationships 'between porosity development and post-reaction desorption features of oxygen 
surface complexes formed during the activation process. It is proposed to exploit these 
relationships to develop a porosity characterization method based on the interpretation of post- 
activation temperature programmed desorption ("D) specIra. 

EXPERIMENTAL 
The samples used in the experiments were chars produced from Wyodak subbituminous coal 
obtained from Argonne Premium Coal Sample Bank [l], and from phenol-formaldehyde resin 
synthesized in our laboratory. The latter material was used as a prototype of a non-mineral matter 
containing char. The char samples were produced in a tube furnace at 1000°C for 2h in flowing 
ulaahigh purity helium. 

All the oxidation and thermal desorption experiments were carried out in the TPD-MSflGA 
apparatus. For gasification, the samples were exposed to one atmosphere of oxygen at a selected 
temperature, and burned-off to varying extents. The subsequent thermal desorptions were all 
carried out at a heating rate of SOWmin to 1200°C in ultrahigh purity helium carrier gas, without 
exposing the previously oxidized samples to ambient air. 

Adsorption isotherms for all the char samples were obtained using a Quantachrome Quantasorb 
surface area analyzer with nitrogen at 77K. 

RESULTS AND DISCUSSION 
Char Characrerization. The total specific surface ma, external surface area, and micropore volume 
of the samples were deermined from the nitrogen isothem data using the so-called %-plot method 
[2]. This technique is based on a comparison of the shape of the adsorption isotherm of a sample 
with that of a standard nonporous reference material. The a,-plot method consists of plotting 
adsorption normalized to a particular point (typically p/p" = 0.4; Le., a, = nho,.,) for the reference 
material vs. p/p" to obtain a standard a, curve. This curve is then used to construct the a,-plot 
from the isotherm of the test sample. The slope of the resultant plot at low a, provides the total 
surface area; the slope of the upper linear branch gives the nonmicroporous surface area; and the 
extrapolation of this branch of the curve to a, = 0 provides the total micropore volume. %-plots 
were constructed for all the nitrogen adsorption isotherms for the current samples using data for the 
standard nonporous carbon proposed by Rodriguez-Reinoso et al. [3]. Corresponding surface 
areas and pore volumes were also obtained via comparison with the isotherm for the reference 
adsorbent given in this reference [3], following the data work-up procedures contained therein. 

Wyodak C o d  Char. Figures 1 and 2 present the thermal desorption spectra for the Wyodak coal 
char samples as a function of bum-off. In Figures 3 and 4 the total evolved CO and COz obtained 
from these figures are compared to the micropore volume and the nonmicroporous surface area, 
respectively, as determined from the a,-plots, as described above. It is noted that the COevolution 
was "corrected" by subtraction of the C02 signal, which is explained subsequently. The nitrogen 
adsorption data indicate that the total surface area (not shown), the nonmicroporous surface area, 
and the micropore volume all initially increase with burn-off, pass through maxima around 40% 
burn-off, and decrease steadily thereafter. This behavior is quite typical of carbonaceous materials 
141. As the bum-off proceeds, the nonmicroporous &e., the larger porosity) surface area increases 
continuously but more rapidly prior to 40% burn-off, and less rapidly at higher degrees of burn- 
off, as shown in Figure 4. This behavior indicates that the microporosity continues to develop up 
to about 40% bum-off, and decreases thereafter; while, the larger porosity develops continuously 
with bum-off. These results are consistent with the classical picture of microporosity development 
at low conversions, followed by pore wall collapse and concomitant surface area loss at higher 
conversions [S].The principal point of these figures, however, is that the CO and C02 evolution 
correlate quite well with the micropore volume and the nonmicroporous surface area, respectively. 

Resin Char. Summaries of the corresponding data for resin char are presented in Figures 5 and 6. 
As shown, this char behaves somewhat differently than the Wyodak coal char. The nitrogen 
adsorption data indicate that the micropore volume increases to a maximum at about 45% bum-off, 
and decreases thereafter. The nonmicroporous surface area, however, increases steadily and 
monotonically up to 72% bum-off. It is noted that even though the larger porosity increases with 
extent of burn-off, the majority of the porosity is still microporous over the entire activation 

123 



process. That is, even at 72% burn-off, the surface area contribution from the larger porosity is 
only about 5% of the total surface area. In any case, as for the Wyodak coal char, the CO and CO, 
evolution correlate quite well with the micropore volume and the nonmicroporous surface area, 
respectively, in spite of the fact that the CO and CO, TF’D spectra for resin char (not shown) differ 
considerably from the Wycdak char spectra, both qualitatively and quantitatively. 

Starsinic et al. [6] identified carboxylic acid groups on oxidized carbon surfaces using FTIR 
spectroscopy, and noted that their concentration increases with extent of bum-off. Otake and 
Jenkins [7] have shown that the CO, complexes present on an air-oxidized char are responsible for 
the acidic nature of the surface, and that the high temperature CO, evolution is primarily due to the 

also found that COP evolution arises from the decomposition of lactone and/or acid anhydride 
complexes, whereas CO desorption is mainly from carbonyl and ether type complexes. In a 
DRIFTS study of the formation of surface groups on carbon by oxygen, Fanning and Vannice [9] 
also reported that initial exposure to oxygen produces ether structures. and that additional exposure 
develops cyclic anhydride groups. 

, 

r; 
/I 

I. thermal decomposition of carboxylic acid anhydride surface complexes. Zhuang et al. [8] have 

Apparently, just like nitrogen, which penetrates practically all the char porosity &e., micro-, meso- 
and macroporosity) during adsorption measurements, oxygen can also penetrate all the porosity 
under gasification conditions to form surface complexes over the entire carbon surface. The 
obvious conclusion that one can draw from the results presented here is that CO evolution occurs 
from the entire apparent specific surface area, but that most of the COaevolving surface complexes 
are formed only on the surfaces of the larger porosity. In a study of the effect of nonreacting gases 
on the desorption of reaction-created surface complexes on carbon, Britten et af. [lo] concluded 
that surface transport processes were involved in the desorption of CO, but that no influence of the 
nonreactive gases on the CO, desorption rate was observed. These results support the conclusion 
that the COzevolving surface complexes are formed on the surface area in the larger porosity. 

From the preceding, it is possible that a large portion of the CO, evolution derives from carboxylic 
acid anhydride complexes. Since the stoichiometry for the thermal decomposition of these groups 
result in one CO, and one CO molecule, the CO evolution was “corrected” by submcting the COP 
evolution to account for the CO arising from carboxylic acid anhydride complexes. These are the 
“corrected” CO values which are plotted in Figures 3 and 5. In both cases, this correction improves 
the correlation between micropore volume and CO evolution. Therefore, it is concluded that there 
is some justification to this ‘‘correction.” 

Random Pore Model. In addition to the CO and CO2 evolution data and the nitrogen adsorption 
data, the reactivities of the samples as a function of burn-off were also obtained. These latter data 
were used in conjunction with a random pore model [ l l ]  to determine the evolution of the 
microporosity. 

According the random pore model [ l l ] ,  the sample bum-off, xc, vs.time, t, follows the 
relationship: 

HI 
where A, = B0v2/(2n), and A~’=(B~V)’, and Bo and B1 are the zeroth and fist  order moments of 
the pore number density function, and v is the velocity with which a pore surface element recedes 
due to reaction. A, and A1 were determined by least squares regression from plots of Eq. [l] 
derived from the reactivity data. From these values and the surface area at one point (e.g., 5% 
burn-off), the parameters Bo, Bl. and v were obtained. The apparent total specific surface area, S, 
was then determined from: 

P I  
where  ET^ is the initial (Le., zero burn-off) total void fraction. Comparisons of surface areas 
obtained from the nitrogen BET data with values calculated from Eq. [2] show very good 
agreement for both chars. 

As indicated by the nitrogen adsorption data, both the resin and the Wyodak coal chars are 
essentially microporous materials at zero burn-off. A Gaussian pore. number distribution for the 
micropore volume was assumed, following Dubinin et af .  [12]. It was also assumed, as in the 
original random pore model development, that the probability density function of pore numbers 
does not vary with burn-off. With these assumptions, the following relationships were derived: 

[ (1 /41r ( l -~]dx~dt ]~  =A, ln[l/(l-xc)l + AI2 

s = 4n(l-€~&B, V t + B1) (l-Xc(t)), 

(1- E m i c d l -  Ernicro), = e~p[-2r@,(Ar)~+2 B1hr)l 

Smim = d(€mim)/d(Ar) = 42(1- Emicro)(Boh+B1) 

[31 

[41 
where emim is the void fraction of the micropores, and Ar is the mean micropore radius change. 

For the current data, the micropore void fractions, e,,,icm, for the two chars as a function of burn- 
off were determined from nitrogen adsorption data. The mean micropore radius change, Ar, was 
then determined from Eq. [3], and the total apparent micropore surface area, Smicro. was 
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determined from Eq. [4]. The difference between total surface area and micropore surface area was 
taken as the nonmicroporous surface area. The agreement between the nonmicroporous surface 
areas determined in this manner with those obtained from the a,-plots was quite good. thereby 
validating this general approach. 

Figure 7 shows the results for the mean micropore radius as a function of bum-off for resin and 
Wyodak coal chars, as determined using this approach. Here the initial mean micropore radius 
(i.e.. prior to gasification) was determined from the zero bum-off nitrogen adsorption data 
assuming a normal micropore volume distribution. The resultant mean pore radius prior to 
oxidation was 1.04 nm for Wyodak coal char, and 0.64 nm for resin char. The variance of the 
normal distribution was 0.24 nm for Wyodak coal char, and 0.18 nm for resin char. These results 
indicate that the pore size is larger, and the pore distribution is broader for Wyodak coal char than 
for resin char prior to activation. It is noted that the rate of mean micropore radius decrease with 
bum-off at high conversion is slower for resin char than for Wyodak coal char. This suggests that 
the resin char remains more microporous with bum-off. This conclusion is also apparent from the 
nonmicroporous surface areas for both chars. From these results, it is concluded that the random 
pore model theory is capable of providing reasonable predictions of microporosity development 
during gasification for both resin char and Wyodak coal char. 

SUMMARY AND CONCLUSIONS 
It is concluded that CO-evolving surface complexes are formed over the entire surface area of all 
the porosity of the two very different chars investigated, and that the total CO evolution upon 
thermal desorption is well correlated with the total surface area. It is also concluded that the CO 
evolution "corrected" for the expected contribution from carboxylic acid anhydride surface 
complexes is well correlated with the microporosiry. It is hypothesized that if these observations 
can be generalized and calibrated, they could be developed into a new method for the 
characterization of char porosity, in conjunction with the "extended" random pore model. 
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Figure 3. Comparison of total "comted" CO evolved with micropore volume for Wyodak coal 
char as a function of bum-off (O.lMPa, 420'C). 
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Figure 6. Comparison of total C02 evolved with nonmicroporous surface area for resin char as a 
function of bum-off (0.1 MPa, 470°C). 
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determined from the "extended" random pore model. 
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ANALYSIS OF CARBON-OXYGEN REACTION BY USE OF 
A SQUARE-INPUT RESPONSE TECHNIQUE AND l*O ISOTOPE 
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INTRODU(=TION 

Carbon gasification reaction has been investigated for decades including the pioneering 
works of Walker and his co-workers'), but its mechanism has not been completely 
elucidated. The concept of the active surface area (ASA) was proposed by them, and its 
importance has  been recognized. However, since ASA was measured by 02 
chemisorption at  below 300 "C where carbon loss through gasification is negligible, it  does 
not reflect the actual gasification situation. To overcome this weak point, measurements 
of ASA in a batch reactorz-4) and the so-called transient kinetic (TK) method were 
proposed5t6). Ahmed and Back4) successfully measured the chemisorbed oxygen during 
the gasification using a batch reactor, and proposed a new mechanistic sequence for 
carbon-oxygen reaction which stresses the importance of the reaction between the 
gaseous oxygen and the chemisorbed oxygen. Radovic et  al.'s8) proposed the concept of the 
reactive surface area (RSA), and reported excellent proportionality between the C02 
gasification rate and the RSA estimated by the TK and the TPD methods. Kapteijn e t  
al.9JO) showed that the TK method with labeled molecules is more powerful to examine 
the mechanism. They found the presence of two types of surface oxygen complexes which 
desorb a t  different rates. 

Although the TK method is powerful, the method can trace only the desorption 
phenomena after a step change from an oxidizing gas stream to an inert gas stream. On 
the other hand, the step response technique changing an isotope stream to another 
isotope stream step-wisely enables us to observe in situ transient behavior without 
disturbing the reaction system if we can trace the change in all isotope species. This 
technique has been recently applied to carbon-oxygen reaction by Kyotani et  al.11) 

The authors have recently proposed a Square-Input Response (SIR) method as a 
modification of the step response technique'2). When we apply the SIR technique to 
carbon-oxygen reaction, we change the reactant stream containing 1'302 step-wisely to the 
1% containing stream a t  a certain instant, and after a predetermined time interval we 
change the 1802 stream backwardly to the 1602  stream. This method enables us to 
observe transient changes on two step changes, to minimize the usage of expensive 
isotopes, and to facilitate the establishment of the balance of the isotope supplied as  the 
square-input. We have successfully applied this technique to the analysis of a coal char 
gasification and to the analysis of the stabilization reaction of carbon fiber13). 

In this work the SRI technique was applied to the analysis of carbon-oxygen reaction to 
examine the reaction mechanism presented by the authors14), and to determine the rate 
constants of elementary reactions. 

EXPERIMENTAL 

A mineral-free carbon black (CB) was used in this study. It was provided by Mitsubishi 
Chemicals and had the designation CB-30. The ultimate analysis of CB is C: 99.1%, H 
0.88, and 0: 0.1% on weight basis . 
Figure 1 shows the apparatus used for the gasification experiments. About 3 to 12 mg of 
CB were embedded in a reactor made of quartz tube (4mm in ID and 30 cm in length). 
They were heated to 900 OC in a helium stream and held a t  this temperature for 10 
minutes. Then they were cooled to a constant temperatures of 550, 570, or 600°C. To start 
the gasification, the helium stream was changed to the 1% stream diluted by helium 
(22% conc.), whose flow rate was regulated by a mass flow controller a t  50 mumin. A 
part of the product gas was introduced to a presspre regulated section via a valve (V-2). 
The pressure of this section was kept a t  a few mmHg by regulating the opening of the 
valve V-2. Only a small amount of gas was introduced from this section t o  a mass 
spectrometer (MS; Nichiden Anerva, AGSPllR), where signals for mass numbers of 28, 
30, 32, 36, 44, 46, and 48 were continuously detected. To minimize the delay of the gas 
analysis from the gas formation, a small tubing (1/16 inch OD) was used and the gas flow 
in the pressure regulated section was designed as  shown in the bottom of Fig. 1. The 
main flow exiting the reactor was led to a gaschromatograph (GC), where it was analyzed 
in every 10 minutes to determine precisely the concentrations of CO, 02 ,  and C02. By 
referring to these concentrations the signals of the MS were calibrated in every 10 
minutes. Then the concentration of CO, 0 2 ,  and C 0 2  in the product gas could be 
measured continuously and precisely.' 

The pure l80 isotope (ISOTEC Inc.) containing 99.2 mol % 180  was used for the SIR 
experiment. The isotope diluted by helium (22% 1802 conc.) was stored in a sample loop of 
about 50 ml as shown in Figure 1. When the conversion of CB reached 10 %, the 6-way 
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valve (V-I) was switched. Then the helium stream containing l e 0 2  pushed out the l802 
containing gas in  the sample loop to the reactor. The 1802 containing stream was 
supplied for about 1 min, and then the stream returned again to the stream containing 
only W2. After the elapse of 20 min the temperature was raised to 900°C to combust the 
Sample, and the 180 retained in the sample was detected as Cleo, Cl8OO, and clack?. 
Using this technique, the exact 180 balance could be established after changing the '@2 
containing stream to the stream containing only 1602.  The experiments using 1:l 
mixture of 1602 and 1802 as the square-input were also performed to examine probable 
isotope exchange reactions. The experiments using pure He as the square-input were 
also performed. The experiments are performed to compare our results with those 
obtained by the so called TK experiments. 

RESULTS AND DISCUSSION 

Figures 2a and 2b show typical SIR results, where the formation rates of CQ28), CQ30). 
cO2(44), CO2(46), and Coz(48) and the flow rate of Oz(36) are shown against the reaction 
time. Hereinafter, the isotopes are represented by the molecular weights in the brackets 
following the molecular formula. Figures 2c and 3, respectively, show the results obtained 
using the square-inputs of the 1:l mixture of 1602 and 1802 and the pure He under the 
same experimental conditions as those in Fig. 2b. 

First, we consider CO formation in Figs. 2a and 2b. On the step change from the 1 6 0 2  
stream to the '802 (abbreviated to the 160#802-step) the CO(28) formation rate decreased 
rapidly t o  a half or so, and then decreased gradually. The CO(30) formation rate 
responded almost instantaneously to the step change to increase a certain level, and 
increased gradually. On the step change from the l8Oz stream to the 1% (the 180dl6qt 
step) almost reverse responses were observed. The CO(28) formation rate increased 
rapidly at  first, then increased gradually. The CO(30) formation ra te  decreased 
instantaneously on the step change to a small value, then decreased gradually. These 
results clearly show that CO is formed a t  least two reactions. The gradual formation of 
CO(28) and CO(30) without the corresponding oxygen isotopes in the gas phase indicates 
that these are produced from the chemisorbed oxygen. The rapid changes of the 
formation rates of both CO(28) and CO(30) on the step changes are associated with the 
reaction between the gas phase oxygen and the active site. 

The COz formation rates are considered next. On the 1602/1802-step the CO2(44) 
formation rate responded almost similarly as the CO(28) formation rate. The COd46) 
formation rate increased rapidly on the step change, but started to decrease gradually 
after reaching a maximum. The Coz(48) formation rate responded slowly to the step 
change, but it increased monotonously. On the 180d160rstep the COz(44) formation rate 
again responded almost similarly as the CO(28) formation rate. The Coz(46) formation 
rate decreased rapidly first, and then decreased gradually. The C02(48) formation rate 
decreased rapidly to a very small value, then decreased gradually. These results indicate 
that COz is formed by several reaction paths: both the reaction between gaseous oxygen 
and chemisorbed oxygen and the reaction between chemisorbed oxygens are judged to be 
significant. 

Both the total CO formation rate (the sum of the formation rates of CO(28) and CO(30)) and 
the total COz formation rate (the sum of the formation rates of C02(44), CO2(46), and 
coz(48) )change little during the SRI experiments as shown in Figs. 2a to 2c. This 
indicates that  the SIR experiment using 1 8 0  is powerful to examine the reaction 
mechanism without disturbing the steady state of reaction as expected. This conclusion 
is further substantiated when comparing Figs. 2b and 3. The response behavior of CO(28) 
and COz(44) in Fig. 3, which is the TK experiment, is significantly different from that in 
Fig. 2b. The gradual formations of both CO(28) and COz(44) observed in Fig.2b were not 
observed in Fig. 3. This means that the rate parameters determined by the TK method is 
different from those under the gasification of steady state for a t  least this reaction system. 

We presented the following gasification mechanism for carbon oxidation based on the 
pulse experiments using 1802 i~0tope14). 

2 C f + @  + c(O)+CO [I1 
2 C f + @  -) 2C(O) [21 

c(0) -) CO+Cf (*) 131 
141 

a01 + C(0) -) c o 2  + Cf ( 8 )  [51 
c(0) + C(0) -) C(0) + C(0) El 

Cf + C(0) + 0 2  -) C(0) + c o p  + Cf 

where Cf and C(0) represent the free active site and the chemisorbed oxygen, respectively., 
We assumed that these reactions proceed only when gaseous oxygen is present. The 
mechanism is close to that proposed by Ahmed et  aL4) One of the great differences is that 
we assume the amount of the short-lived oxygen is immeasurably small as Walker et d. 
assumed i n  the earlier pap$). In  other words, we assumed that the short-lived oxygen 
is formed through Eqs. 1, 2, 4 and 6 only when gaseous oxygen interacted with carbon 
surface and the oxygen complex. The reactions in which only the short-lived oxygen 
surface intermediate participates are marked by an asterisk (*). 

The validity of the proposed mechanism can be examined in more detail using the resulta 
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obtained in this work. The balance of the 180 after the 1802/1602-step is easily established 
as stated above, because we analyzed all the 180 containing species including the amount 
of 180 retained in the sample. Then the amount of chemisorbed oxygen, n0(18), a t  a 
certain time is estimated by summing up the 180 evolved as C0(30), COA46), and CO2(48) 
from the end of the reaction. Utilizing the no(18) values estimated, the formation rates Of 
CO(30) and COz(46)were plotted against no(18) in Figures 4a and 4b a t  three reaction 
temperatures. Both rates increased with the increase of n0(18) as  expected, but linear 
relationships did not hold. Since CO(30) is produced via Eq. 3, the CO(30) formation rate 
should be directly proportional to no(18) if CO(30) was produced from only the stable 
oxygen complex. However, this was not the case, indicating that the contribution of the 
short-lived oxygen must be taken into account to explain the CO(30) formation. The 
relationship between the COz(46) formation rate and n0(18) in Fig. 4b cannot be explained 
by only Eqs. 4 and 5 as far as we assume only single oxygen complex. 

Then the mechanism was rewritten assuming two active sites, CA and CB. and in  
consequence two oxygen complexes, CA(O) and CB(O), as follows: 

CA+@ -+ CA(o)+Co ;rlA [fl 
CB+@ -+ CB(o)+Co ; rlg [El 

2cA+o2  -+ 2cA(o) ; r2A [91 
2cB+@ -+ zcB(0)  ; r B  [lo1 

CA(0) -+ co+cf ; r3A [Ill 
CHO) -+ CO+Cf ; r s  [ E l  

CA+ CA(0) + 0 2  -+ c 0 2  + CA(0) ; r4A [I31 
CA + CB(0) + 0 2  -+ c o 2  + CA(0) ; r a  [I41 
CB + CA(0) + 0 2  -+ COP + CBO) ; r 4 c  [I51 
CB + CB(0) + 0 2  -+ COS + CBO) : rqD [I61 

CA(O)+CA(O) -+ CO2 : r5A [I71 
CA(O)+CB(O) -+ COz : r s 3  [I81 
CB(o)+CB(o) -+ c 0 2  ; r z  [I91 

where CA(O) and Cg(0) represent the short-lived oxygen complex and the stable oxygen 
complex, respectively. The contribution of Eq. 6 was neglected, because the amounts of 
CA(O) and CB(O) do not change through the reaction. r lA  to r z  represent the reaction 
rates. 

The validity of the reaction mechanism was tested using the change in the l80 containing 
species after the 189/1602-step. The mechanistic sequence for this case is simplified a s  
follows: 

cA(l80) -+ cl80 [ZOI 
cB(180) -+ c180 (211 

CA+CA(180)+@ -+ c1800+cA(o)  + c f  [221 
CA + cB( + 0 2  + c1800 + CA(0) + cf [231 

cA(l80) + CA(0) -+ Cl8oo + cf [%I 
CA(0) + c&%) -+ c1800 + cf [%I 
c&l80)+  CB(0) -+ C l 8 o o  + cf [%I 

cA(l80) + cA( l80) -+ 0% + cf [Wl 
c A (  + cB( l80) -+ cl% + cf [%I 
c&l80) + cB( '80) -+ cl% + cf [291 

Under the steady state gasification the total amount of chemisorbed oxygen, no,  is kept 
constant, and both nOA and noB Then the following 
relationships would hold: 

would be kept constant. 

nOA + nOB = n o  (constant) [301 
I311 
[321 

nO~(16)  + nOA(18) = nOA (constant) 
nOg(16) + nOg(18) = n0B (constant) 

Using the data for the changes in the l80 species after the 180d1602-step and the 
relationships of Eqs. 30 to 32, we could determine the reaction rate constants, k 3 ~ ,  k 3 ~ .  
~ ~ A [ C A ~ + ~ ~ B [ C A I ,  ~ ~ C [ C B I + ~ ~ D [ C B I ,  k w ,  km. and k x ,  and the values of nOA, nOB, and 
nowhich appear in rw,  r 3 ~ ,  r4.b r a ,  r c ,  r 4 ~ ,  r5.4, r 5 ~ ,  and r z .  Then the rate 
constants, klA+km, and ~ ~ A [ C A ~ + ~ ~ B [ C B I  could be estimated using the change in  the 
formation rate of CO(28), the relationship of Eq. 30 and the parameters determined above. 
Thus all the rate constants were estimated, although some can not be determined 
independently. The rate constants a t  570°C are shown in Table 2, and the calculated 
curves using these parameters are compared with the experimental data in Figure 5. 
Fairly good agreements were obtained between the calculated curves and the 
experimental data over the whole course of gasification, although most of the parameters 
were estimated using the changes in the species after the 1802/1602-step. We could 
estimate the amounts of both noA and nOB, and could clarify that nOA is much smaller 
than noB. These results seem to support the validity of the mechanistic sequence given 
inEqs.7to19. 

At 570°C the ratio of r a + r i B  : r a  : r3g for the CO formation was 4 : 3 : 3, and the ratio of 
r w + r m  : r c + r 4 ~  : r 5 ~  : r m  : r z  for the CO2 formation was 4 : 4 : 1 : 2 : 2. These values 
clearly indicate the importance of the direct reactions between the active site and the 
gaseous oxygen as well a s  the desorption and/or reaction of chemisorbed oxygen(s), 
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supporting the observations given in Figs. 2a to 2c. 

CONCLUSION 

A square-input response (SIR) technique was applied to analyze the carbon-oxygen 
reaction. Actual in situ transient behaviors of isotopes were successfully traced. Most 
significant findings are as follows: Existence of two oxygen complexes, one is short-lived 
and the other is rather stable, was clarified, and their amounts were estimated. The 
importance of the direct attack of the gaseous oxygen to the active site andor  the 
chemisorbed oxygen was clarified. In addition, the significant contributions of the 
desorption of the oxygen complex and the reaction between the complexes to the 
gasification reaction were notified. The TK method was found not to reflect in situ 
desorption behavior of the oxygen complex a t  least for the reaction system studied here. 
Relative importance of elementary reactions was cIarified. Further investigation is under 
way to examine the soundness of the proposed reaction mechanism and the determined 
rate parameters. 
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Table 1 The Rate Cnstanta at 610 OC 
k,+k, 1.58 min.'.kg.'-atm.' 

k,&2J+l+t[~] 1.78 min~'-kg"-atm~' 
k, 1.1 min" 

ka, 0.075 min" 
(k,+ka)[CAl 4.5 min".atm" 
(k,+k,)[C,I 0.35 rnid'satn.' 

kM 1.2 kg.mol.'.min.' 
kea 0.078 kg.mol-'.min-' 

prraw caow Udt 

Figure 1 Experimental Apparatus 
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INTRODUCTION 
A role of adsorbed molecular oxygen in surface reactions of 
black carbon (in the form of n-hexane soot) has been observed. 
Countless articles on the surface structure and reactivity of 
solid carbon, including several from this group (1-5), have 
identified carbon-oxygen surface functionalities as underlying 
adsorption or reactivity characteristics of specific materials. 
This paper describes, rather, several cases in which reversibly 
adsorbed molecular oxygen directly participates in phenomena 
occurring at the carbon surface. 

RESULTS AND DISCUSSION 
Eydration 
A dependence of the extent of its surface hydration on soot 
aging was first observed in microgravimetric studies of water 
adsorption as a function of relative vapor pressure (6). 
Separate experiments in which freshly-prepared soot samples were 
exposed to pure 4 prior to hydration with others evacuated prior 
to hydration, revealed significantly more and l e s s  water 
adsorption, respectively, compared with the fresh soot itself. 
Application of a modified Dubinin-Radushkevich (DR) equation (7) 
to the data enabled the determination of surface coverage and 
mass adsorbed per gram at limiting adsorption, and also at the 
point at which activated adsorption is essentially complete 
(the chemisorption limit). 

The adsorption data (mass increase and ‘the relative water 
pressure, PIPo) from these measurements were treated with the DR 
equation to yield the results summarized in Table I. 

Table I. Effect of Oxygen Adsorption on Soot Hydration 

soot Limiting e.’ Limiting eo- 
Adsorption Chemi- 
gx10’l gs sorption 

24-hours 1.76 0.80 0.507 0.223 

contacted 0.01 0.02 0.004 0.004 

Fresh 1.26 0.58 0.473 0.217 
f f f * 
0.01 0.01 0.005 0.005 

Evacuated 0.966 0.44 0.440 0.202 
f + * f 
0.006 0.01 0.003 0.005 

01- f i t t 

Surface coverage using HIO molecular area as 12.2A‘ (a), where 
0, is at limiting adsorption and 0, at the chemisorptlon limit. 

Ae is evident from these data, adsorption of water by the soot 
increases with Ol coverage of the soot surface. For example, the 
limiting surface coverage (e,) increases from 44% for evacuated 
fresh soot to 80% for the same material whose surface is 
saturated with Ol at ambient temperature. Similarly, by 
comparing the adsorption of water at the chemisorption limit and 
at limiting adsorption, it is seen that the fraction of adsorbed 
water involving chemisorption decreases from about 46% t o  29% as 
the surface 0, increases. Since a smaller fraction of the 
(greater) adsorbate is involved in chemisorption on an 0,- 
saturated surface, a process involving the hydrolysis of 

133 



carboxylic functionalities, the adsorbed oxygen appears to be 
providing admorption sites for water. A regular decrease in 
adsorbate affinity coefficient for water (6) with increased 0, 
coverage, determined from the DR equation plot, further supports 
relatively more (weaker) H p - 0 2  surface interactions. 

Although the mechanism by which surface 0, facilitates increased 
water adsorption is not yet clear, earlier experiments showed 
that it is properly described as physisorption (as opposed to 
activated adsorption). Figure 1 illustrates the effect of the 
sequential treatment of soot with flowing dry nitrogen, water 

Soot = 30 rng Legend: Gas flow sequence 

* 02-saturated soot in N, 

itrogen 

Figure 1. 
soot 16). 

Study of desorption and adsorption of 0, and H,O on 

vapor plus nitrogen and then nitrogen again. Hicrogravimetric 
measurement of mass change reveals a rapid substantial loss when 
an 0,-saturated sample is subjected to flowing nitrogen, 
apparently most of it the loss of physisorbed 02. Subsequent to 
resetting the microbalance, treatment with water vapor plus 
nitrogen, and then flowing nitrogen again shows the usual 
hydration pattern and removal of water adsorbate, respectively. 
Considerable quantities of molecular oxygen may be adsorbed on 
freshly-prepared n-hexane soot and are involved in the water 
adsorption by, and hydration of, the soot surface. 

EPR Studies 
The observation by EPR of significant concentrations of unpaired 
electrons in n-hexane soot(l), consistent with their existence 
in coals and other graphitic carbonaceous materials, suggested 
the use of spin density as a probe of the behavior of adsorbed 
molecular oxygen which is paramagnetic. The effect of adsorbed 
0, is to increase the width and to decrease the intensity of the 
EPR spectrum of soot, changes reflected in an increaeed peak-to- 
peak line width, decreased peak height, and decreased normalized 
integral of the single absorption having a g value of 2.0046. 
Accordingly, series of replicate measurements using X-band cw 
EPR on freshly prepared soot samples were carried out. These 
samples, attached to the vacuum line through a special manifold 
within a heating mantle, were evacuated at 100°C in the lo4 torr 
range overnight before exposure to accurately measured pressures 
of pure 0,. Figure 2A is a plot of the corrected normalized 
integral (CNI) versus P,, where the error bars represent the 
standard deviation of individual measurements. The CNI for soot 
evacuated in this manner, before addition of 0,. is (1.62 f 0.07) 
x 10'. The linear relationship between spin density and 
physisorbed 0, (assumed proportional to gas phase pressure) over 
the pressure range from 0 to 35 torr demonstrates not only the 
interaction between the unpaired electron spins of molecular 
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oxygen and soot, but also provides a means of monitoring the 
surface behavior of 0, during adsorption or reaction. 

c 
0 
Y 

B 

0 . 4 F '  " " " I '  ' ' I  ' ' ' I  " ' 1 
0 10 20 30 40 (torr) 

Figure 2. Effect of 0, on the EPR signal of SOOL. 

The Ozone-Soot Reaction 
A detailed study (9) of the reaction between n-hexane soot and 
ozone at low concentrations has revealed a role of adsorbed 
molecular oxygen. This complex reaction involves essentially 
three stages. Following a fast initial catalytic decomposition 
of 0,. a rapid soot mass increase accompanied by COz and KO 
formation is itself followed by a long period of soot oxidation 
in which the rate of 0, loss is second order in 0, (9). It is 
during the second stage of this reaction that material balance 
calculations, based upon careful analysis of products and 
reactants, reveal an involvement of 0, in that stage. Expressing 
the oxygen atom content of reactants and products in micromoles, 
the overall reaction results in a net loss of 0) oxygen (as 0, 
from catalytic decomposition) in the amount of about 20% which 
does not yield measurable 0-containing product. During this 
second stage of the reaction, from 2.5 to 30% of reaction, 
however, the 0 atom gain in products averages 7 0 % ,  a gain which 
is not from 0, oxygen. 

A plot of CNI of the soot EPR spectrum versus gas pressure (1.5% 
O3 in 0,) is Figure 2B. to be compared with the same plot for 0, 
alone (Figure ZA) . At lower pressures, the rate of spin density 
decrease with increased O,/O, is much less than with 0, alone, 
while beyond 20 torr the slopes of the two plots are essentially 
the same. These data appear to confirm the consumption of a 
fraction of the 0, in a reaction which does not leave it for 
physisorption. A plausible interpretation is that the rapid 
reaction with O,, actually probably 0 atom from its dissociation, 
yields fragments on the carbon surface which are reactive with 
0,. The soot is not similarly reactive with 0, alone under 
ambient conditions. We are not aware of other such examples of 
physisorbed 4 involvement in surface reactions of black carbon. 
To the extent that soot " aging" is an annealing of the surface 
by physisorbed O,, this effect also must underlie the difference 
in rate laws for the 0,-soot reaction (9) between freshly 
prepared and aged soot; for example, 

Initial rate = k[O,J(soot]'~ 
versus 
Initial rate = k'[o,] + k"(soot) 

respectively . 
Other Adsorptions 
so2 
Because of the likelihood that adsorbed molecular 0, plays a role 
in other soot surface reactions, in the manner discovered for 
the 0, reaction, our studies of adsorption on soot also have 
included O2 as adsorbate. The rapid oxidation of SO, at the soot 
surface which requires the presence of 0, and H,O, for example, 
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is one important case. The coadsorption of 0, and SOz on n- 
hexane soot has been examined in detail. 

Figure 3 shows the gain in mass of 10 mg soot as a function of 

Variable SO2: Fixed soot = lOmg ~rsrlas 

Time (min) 
Figure 3. Adsorption of Soz on soot. 

time in the presence of 606, 1010, 1515, and 2020 ppm SO,. These 
were flow experiments in which the medium was zero air. At 60 
minutes, the SO, flow was stopped and the microgravimetric cell 
(6) continued to purge with the zero air alone. The rapid loss 
of SOz from the surface follows a pattern which is the inverse 
of the adsorption, indicating physieorption of SO, according to 

where SS = surface site for SO2. 

From 85 to 79 percent of the SO, behaves in this manner, 
respectively, as indicated by the asymptotic approach of the 
microgravimetric curve to a limiting mass value greater than the 
initial. Another pathway, probably surface hydration and 
possibly oxidation, apparently exists for S q  as well; water 
molecules cannot be rigorously excluded from the surface under 
these conditions. 

The coadsorption of so, and oz were studied by EPR, and the 
results are summarized in Figure 4. NO effect of so, on the 

p. 
0 
x 

8 

0 3  , ,,p I,., , ,3;, , ,;. , , 5 p ,  ,.7:,.:os::. , . I 
(torr 1 

Figure 4. Effect of SOz on soot. 

normalized integral of soot's EPR signal is observed, this lack 
of effect extending to 10' ppm. (The small decline from the 1.62 
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is due to a trace of O, in the SO, sample). The significance of 
this study is to be found in the fact that 1) 0, has the same 
effect on the spin density of soot on which SO, is physisorbed 
as it does on pure soot, and 2) at a constant 0, coverage, SO, 
has no effect; no O, is displaced by S%. This Suggests that 
surface oxidation of SO, by 0 does not occur measurably at these 
surface coverages. Either 0; and so, do not compete for the same 
sites or the soot surface-O, interaction is stronger than that 
between soot and SO,. Calculations based on the specific surface 
of n-hexane soot (B9m1/g), masses of o and SO, adsorbed per gram 
of soot under the experimental co:ditlOnS, and established 
surface areas for the adsorbed molecules (19.2 A’ for SO, (lo), 
14.1 A’ for 0, (ll), indicate that SO, occupiee nearly the same 
fraction of the surface (-18%) that oz (-20%) does, which means 
that about 113 less S q  molecules than O, are adeorbed per unit 
mass of soot under the conditions of zero air (125 torr O,) and 
2000 ppm SO,. In the case of paramagnetic 02, the surface 
coverage is no doubt governed by the surface density of’-soot’s 
unpaired electrons, where the So, is not influenced by that 
factor. 

NO and NE, 
Evidence of the effect of adsorbed molecular 0, on the adsorption 
of both NH, and NO has been found ae wsll. These molecules, 
unlike the reversibly adsorbed SO, species, compete with O2 for 
Surface sites. Microgravimetric studiee of NH, adsorption at 
higher concentrations, carried out in a variety of gas phase 
environments, reveal this competition which probably has its 
origin in the hydrogen bonding capacity of NH,. EPR studies of 
the competition of NO and 0, for unpaired electron sites on soot 
clearly show a surface interaction between NO and 0, as well. 
Experiments on both of these systems continue. 
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INTRODUCTION 
The mechanisms by which varying partial pressures of oxidant gases affect char reactivity remains 
a matter of controversy. In the current communication we explore the effect of CO, partial pressure 
on the resultant populations of intermediate oxygen complexes on char suaaces and their 
relationship to reactivity. 

EXPERIMENTAL 
The samples used in the experiments were Wyodak subbituminous coal char samples produced 
from coal obtained from the Argonne Premium Coal Sample Bank [l], and a resin char produced 
from phenol-formaldehyde resin synthesized in our laboratory. The latter was used as a prototype 
of a non-mineral matter-containing char. Char samples were produced in a tube furnace in flowing 
uluahigh purity helium at 1000°C for two hours. 

Partial pressure variation was achieved using C0,helium mixtures. All the oxidation and thermal 
desorption experiments were carried out in the TPD-MSDGA apparatus. For gasification, the 
samples were exposed to the C02helium gas mixtures at one atmosphere at a selected temperature 
to a certain degree of burn-off. The gasification conditions selected for the current work were 
825OC. 20% bum-off for Wyodak coal char, and 900°C. 5% bum-off for resin char. The thermal 
desorptions were all carried out at a heating rate of 50Wmin to 12OOoC in flowing ultrahigh purity 
helium carrier gas. 

RESULTS AND DISCUSSION 
The overall or global reaction order for the char-CO, reaction remains a matter of controversy. The 
typical Langmuir-Hinshelwood-type steady-state rate expressions, as obtained for the Mentser and 
Ergun [2] oxygen exchange mechanism for example, suggest that the reaction should be first order 
at low pressures, changing gradually to zeroth order behavior at higher pressures. Turkdogan and 
Vinters [3] reported half-order dependence at pressures less than 10 atm, and zeroth order behavior 
at pressures of 10-20 atm. Koenig et al. [4] also reported half-order behavior. Blackwood and 
Ingeme [SI reported that at high pressure, the gasification rate remains dependent on C02 partial 
pressure to a positive order. On the other hand, the gasification data of Johnson [6] for a 
bituminous coal char in CO/C02 mixtures over the range 2-35 atm, showed a decreasing effect of 
CO, pressure on the gasification rate at high pressures. A similar trend was reported by Golovina 
[7], who reported first order behavior at near-atmospheric pressure, tending to zeroth order over 
the 3-10 atm range, followed by decreasing gasification rate with CO, partial pressure in the 20-40 
atm range. In the current work, the apparent reaction orders observed for CO, partial pressures of 
one atmosphere and less, were 0.7 1 for resin char and 0.60 for Wycdak coal char. 

Obviously, the apparent reaction order varies considerably with the nature of the char and 
gasification conditions, which makes it difficult to compare data from various sources and 
predict/correlate reactivity. Moreover, most of the interpretive/correlative models are based on one 
or two-site models which tend to oversimplify the nature of char surfaces and mechanisms. Most 
chars exhibit distinctly energetically heterogeneous surfaces which can have a significant effect on 
the behavior of the apparent reaction order. For example, Calo and Perkins [8] demonstrated that 
surface heterogeneity can result in half-order behavior under certain conditions, and that the 
observed reaction order depends in a complex manner on the nature of the surface. For these 
reasons, here we focus on investigations of correlations between reactivity and populations of the 
intermediate oxygen surface complexes which desorb to gasify the char. 

Figure 1 presents CO TPD spectra for resin char samples gasified in various COfle mixtures. As 
shown, the broad desorption peak is centered at about 10IO°C. The total mount of oxygen surface 
complexes increases with CO, partial pressure, but not homogeneously over the entire TPD 
spectrum. That is, the higher temperature surface complexes fall off more rapidly than the lower 
temperature complexes. These observations are consistent with those of Kapteijn er al. [9] who 
reported that increasing the CO, partial pressure from 0.1 to 1 arm increased the number of stable, 
higher temperature complexes more than the low temperature, unstable complexes. 

Figure 2 presents the corresponding data for Wyodak coal char samples. The same qualitative 
behavior observed for resin char is readily apparent, although the desorption is peaked at a lower 
temperature of about 95OOC. In addition, the total amount of oxygen surface complexes is about a 
factor of three or so greater than for the resin char. 

The Rare-Controlling Srep. It has been concluded by some workers that CO, gasification is 
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desorption rate-controlled [Marchon et ai. [lo]; Cerfontain er 01. [ll]; Chen and Yang [121; Calo 
and Hall [13]; and Mentser and Ergun [2]. However, Kapteijn et al. [9] contend that for 
uncatalyzed CO, gasification, two processes are operative: (1) the decomposition of 
semiquinone/carbonyl surface complexes; and (2) the decomposition of an "out-of plane" oxygen 
complex which can be formed upon oxidation by CO2 of a saturated carbon atom adjacent to an 
edge carbon which is already bonded to an oxygen atom. This latter type of oxygen complex has 
been shown to cause a substantial weakening of neighboring carbon-carbon bonds, and its 
decomposition results in the formation of a gas phase CO molecule and a semiquinone-type surface 
complex. This model explained their step-response data quite well, and supports the earlier 
mechanistic reasoning of Blackwood and Ingeme [SI. It was also concluded that the relative 
contribution of the two processes to the gasification rate is controlled by the CO, partial pressure. 

In order to address the issue of the rate-conmlling step in the current work, the following types of 
experiments were performed. Following gasification, samples were rapidly quenched to room 
temperature in either pure helium or the reactive gas mixhue. This was done to assess whether or 
not the surface was saturated with oxygen surface complexes at gasification conditions. It was 
reasoned that if the gasification reaction was not controlled by the desorption step, unoccupied 
active sites would exist which by cooling in the reactant mixture would form additional oxygen 
surface complexes as the temperature decreased. Consequently, the resultant TPD spectra would 
differ from those obtained following rapid quenching in helium. 

In Figure. 3 are presented the corresponding desorption spectra for resin char following gasification 
in 1 atm of COP As shown, the two spectra are practically identical. This result implies that 
gasification in pure CO, for resin char under these conditions is indeed desorption rate-controlled. 
However, as shown in Figure 4, the corresponding spectra following gasification in a 60/40 
COz/He mixture yielded distinctly different TPD spectra. As shown, the principal difference lies in 
the low temperature surface complex populations. That is, the CO desorption over the temperature 
range between 600 and 9OOOC for the sample cooled down in the reaction mixture is greater than 
that for the sample cooled in He. This result is interpreted to mean that unoccupied active sites exist 
during the steady-state gasification in the 60/40 C021He mixture under these conditions. These 
unoccupied active sites remained unoccupied when the samples were cooled down in He, but were 
populated with oxygen complexes in cooling down in the reaction mixture. Consequently, it is 
concluded that gasification departs from desorption rate-control as the C02 partial pressure 
decreases from 1 atm. 

Distribution of Desorption Acrivarion Energies. The observation that the population of oxygen 
surface complexes does not decrease evenly over the entire TPD spechum suggests that the char 
surface exhibits a distribution of desorption activation energies. Du et 01. [14] and Calo and Hall 
[13] have developed distributed activation energy models for the desorption of oxygen surface 
complexes from carbons following 0, and CO, gasification. In the current work, the distribution 
of desorption activation energies was calculated using the method described by Calo and Hall [13]. 
The relationship between the instantaneous CO desorption rate and the distribution of desorption 
activation energies can be expressed as: 

d[COl/dt = [C-OIoS(E*)dE*/dt t11 

where E* is the local desorption activation energy, as approximated by an instantaneous step at 
energy E*, S(E*)  is the desorption activation energy probability density function, d[CO]/dt is the 
desorption rate of oxygen surface complexes as CO during TPD, and [C-01, is the total initial (i.e. 
prior to the initiation of desorption) amount of CO-evolving oxygen surface complexes on the 
surface. Based on the classical work of Redhead [15], the parameten are related by: 

E*/RT =In [uoT/p] -3.64 [21 

which holds for for 108<udfl<1013 (K-'), where uo is the pre-exponential factor for the desorption 
rate constant, T is the temperature, and i3 is the heating rate. Since a TPD experiment gives the 
instantaneous desorption rate directly, and dE*/dt can be obtained from Eq. [2], the distribution of 
desorption activation energies, [C-Ol,S(E)*, can be determined from Eq. [I]. 

The value of the pre-exponential factor, uo. was assumed to be a constant. A series of TPD mns 
was performed at various heating rates from 25Wmin to lOOWmin for the same oxidized char 
samples. It was determined that a value of uo = 1O'O min-l yielded the best fit in that it produced 
essentially the same energetic distribution for all the heating rates. This proved to be the best value 
for both resin and Wyodak char. Consequently, this value was used for the determination of the 
distributions of desorption activation energies. 

Figure 5 presents the resultant desorption activation energy distribution for Wyodak coal char 
gasified in various C02/He mixtures. As can be seen, as the CO, partial pressure during 
gasification decreases, the desorption activation energy distribution of the char also changes. 
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The same trend was also found for resin char samples gasified in various C0,IHe mixtures. In 
comparison to the results for Wyodak coal char, the energetic disuibutions of oxygen surface 
complexes for the resin char samples are shifted to higher energies. It is also noted that mineral 
matter (most probably calcium) in the Wyodak coal char plays a significant role in determining the 
population of the low temperature surface complexes which turn over most rapidly during 
gasification. The absolute amount of the low temperature oxygen surface complexes is much 
higher for Wyodak coal char than for the resin car, which contains no mineral matter. Therefore the 
mineral matter in the Wyodak coal char “catalyzes” the formation of low desorption activation 
energy surface complexes. This represents the basis of the catalytic effect in this char. This is the 
principal reason that the reactivity of Wyodak coal char is significantly greater than that for resin 
char even at lower gasification temperam. 

Correlation of Reactivity. For conditions where the gasification rate is desorption rate-controlled, 
the reactivity can be correlated using the distribution of desorption activation energies. This is 
accomplished by integrating the desorption rate over the entire distribution: 

ca 
r = Io uo exp(-E*/RT) [C-Ol0S(E*)dE* [31 

Figure 6 presents a parity plot of predicted vs. measured reactivities for Wyodak coal char in one 
atmosphere of CO, as a function of temperature, as determined from Eq.  [3] using the desorption 
activation energy distribution obtained at 825OC. As shown, the agreement is reasonably good. 
Similar results were obtained for resin char. Therefore, it can be concluded that the correlation of 
reactivity with the TPD desorption rate is feasible. 

The objective of this work was to explore the relationship among reactivity, CO2 partial pressure, 
and post-reaction TPD spectra. The results show that CO, partial pressure has a significant effect 
on the population of oxygen surface complexes for both resin and Wyodak coal chars. Generally, 
the oxygen surface coverage increases with increasing CO, partial pressure. It was also determined 
that gasification reactivity is desorption rate-controlled in 1 atm of CO, for both chars. However, 
as the CO, partial pressure decreases, the formation rates of surface complexes become comparable 
to the desorption rates, and the reaction rate begins to deviate from desorption rate-control. 

For heterogeneous char surfaces, the distribution of desorption activation energies can be 
determined from TPD desorption rates. Predictiodcorrelation of reactivities from the desorption 
activation energy distribution is shown to be feasible for the carbon-C02 reaction operating under 
desorption rate-controlled conditions for both resin and Wyodak coal char. 

It is possible that the most labile, low temperature oxygen surface complexes that are observed to 
increase in concentration with increasing C02 panial pressure may be of the type hypothesized by 
Kapteijn et al. [91 and Chen et al. [ 161, as being formed by the interaction of CO, with existing 
sulface complexes. If this is so, then the thermal desorption methods applied here would reveal a 
shift or interconversion between labile and stable complexes with increasing pressure. This is a 
subject of continuing studies. 
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Figure 1.CO TPD spectra from resin char gasified in 1 atm of C02/He mixtures at 9OOOC to 5% 
bum-off. 
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Figure 2.CO TPD spectra from Wyodak coal char gasified in 1 atm of C02/He mixtures at 825'12 
to 20% bum-off. 

0.1 

-a" 0.08 
i 
2 e 

d 

P 

0.06 
(Y - 

0.04 
a - 
0 

8 0.02 

I I I 

A Cooled in He 

B o  
b P 
9 0  

a 
400 600 800 1000 1200 

Temperature ("C) 
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INTRODUCTION 
In the past, attempts to characterize the reactivity of carbon materials have led to 
conclusions regarding the importance of active sites and carbon-oxygen (C(0)) 
complexes in the carbon/@ reaction mechanism [1,2]. More recently, questions have 
been raised concerning the possibility of oxygen presence on the basal plane during 
gasification. Studies with disordered (turbostratic) carbons (e+, polymer-derived 
carbons and coal chars) revealed that the quantity of C(0) complexes on the surface 
at gasification conditions exceeds significantly the quantities formed during low- 
temperature chemisorption [3-51. One of the possible mechanistic explanations for 
this experimental fact is the so-called "spillover effect" whereby oxygen atoms, 
chemisorbed on the edge sites of carbon crystallites, migrate ("spill over") from the 
edges to the basal plane [5]. Spillover is the process that occurs when active species, 
C(0) complexes, are formed on one type of sites (e.g., edges), and are subsequently 
transferred to another type of sites (e.g., basal plane). Although the basal plane does 
not participate directly in carbon gasification, it serves as an additional reservoir of 
oxygen.'A larger quantity of oxygen resides on the surface at higher temperatures, 
because spillover is an activated process. 
Since it is rather difficult (or even impossible) to trace the fate of oxygen atoms on 
the basal plane by experimental techniques, theoretical molecular orbital 
calculations seem to be very attractive. Results of such calculations [6-111 have 
shown that there are no obstacles for the presence of oxygen atoms on the basal 
plane at temperatures at which gasification of carbon takes place. 
Yang and Wong [12] were the first to provide experimental evidence for the 
presence and mobility of oxygen on the basal plane. Pan and Yang [lo] have 
reiterated that basal-plane oxygen should be taken into consideration in the analysis 
of high-temperature CO desorption spectra. More recently, Chen et al. [ l l ]  showed 
that an oxygen atom on the basal plane lowers the binding energy of a neighboring 
C-C bond by 30%; therefore, it is important for the analysis of carbon reactivity. In 
our previous paper [13], a reaction mechanism was proposed according to which the 
quantity of basal-plane oxygen determines the CO/CO;! product ratio. 
The objective of the present communication is to pursue a further understanding of 
the role of basal-plane and edge C(0) complexes in the formation of CO and, 
especially, COz. Both theoretical and experimental techniques were used. 

The proposed mechanism of CO and COz formation (Figure 1) follows from the 
reaction mechanism discussed in Ref. [13]. Carbon monoxide forms v i a  
decomposition of a C(0)  complex at the edge of a carbon crystallite. Carbon dioxide, 
which is known to be a primary reaction product [14], forms by interaction and 
simultaneous decomposition of adjacent edge and basal-plane C(0) complexes. 
Formation of CO requires cleavage of two C-C bonds and is straightforward. The 
transition-state complex for Con formation is more complicated; it requires the 
simultaneous cleavage of three bonds (two C-C and one C - 0  bond) and the 
formation of one C-O bond. 

MECHANISM OF CO AND COz FORMATION 

0 
II 

0 

0 
I 

m + c o  

L 
Figure 1. Proposed mechanism for CO and COP formation in the C / q  reaction. 
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MOLECULAR ORBITAL CALCULATIONS 
The objective of these computer simulations is to assess how the activation energy 
for C-C bond dissociation depends on the quantity and nature of surrounding C(0) 
complexes. The results of such calculations allow us to estimate the relative changes 
in the rates of CO and CO2 formation as the concentration of edge and basal-plane 
oxygen atoms changes. In addition, bond energies for oxygen atoms on the basal 
plane were calculated in order to show that basal-plane oxygen can indeed exist on 
the surface at reaction conditions. 
The calculations were performed using a molecular orbital theory package (MOPAC 
5). The PM3 semiempirical parametric method with unrestricted Hartree-Fock 
Hamiltonian was used. A seven-ring structure (coronene) was chosen as a model for 
the carbon surface. The edges were saturated with either hydrogen or oxygen atoms 
(Figure 2). In addition to the basic structures a, b and c, structures with oxygen on the 
basal plane in various positions were considered. With the aid of MOPAC, the 
geometries of each model structure were optimized, and heats of formation of the 
resulting structures were calculated. 
The bond energy of oxygen on the basal plane was calculated as an enthalpy change 
in the hypothetical reaction of oxygen atom removal from the surface. The resulting 
bond energies of the basal-plane oxygen in different positions are shown in Table I. 
It appears that the most stable position of oxygen is between two carbon atoms, 
rather than right above a carbon atom. This is in agreement with the findings of 
other authors [6-lo]; the absolute values of bond energies are also in agreement with 
the literature data [7-91. The rather large bond energies indicate that the basal-plane 
complex could be present on the surface, and should be included in the reaction 
mechanism. 
Figure 3 shows how the heat of formation of several model structures changes as 
the distance between carbon atoms 1 and 2 increases and the coordinates of all atoms 
except 1 and 2 are allowed to relax. The smallest distance corresponds to the 
unbroken C1-C2 bond, and the largest distance corresponds to the broken Cl-C2 
bond (zero bond order). The point of maximum energy corresponds to the geometry 
of a transition-state complex. The difference between the heats of formation of the 
transition-state complex and the initial structure is equal to the activation energy of 
the C1-C2 bond cleavage reaction. 
As the quantity of both edge and basal-plane C(0) complexes increases, the stability 
of the C-C bond is seen to decrease. For example, upon addition of a second edge 
oxygen atom, the activation energy of C1C2 bond cleavage decreases from 64.7 
kcal/mol (structure b) to 48.9 kcal/mol (structure c); similarly, it decreases from 30.7 
kcal/mol for structure bl to 5.5 kcal/mol for structure CI. More dramatic changes 
occur when additional basal-plane oxygen accumulates on the surface. The potential 
barrier diminishes from 64.7 to 30.7 kcal/mol (structures b and bl,  respectively), and 
from 48.9 to 5.5 kcal/mol (structures c and CI, respectively). This result is in 
agreement with the important experimental fact that the activation energy for 
oxygen complex removal decreases as the surface coverage increases [15,16]. 
As it follows form the reaction mechanism shown in Figure 1, cleavage of the C1C2 
bond is a reaction path for CO formation. Therefore, the above results imply that the 
activation energy for CO formation decreases and the CO formation rate increases 
with increasing population of both edge and basal-plane oxygen on the surface. 
Unfortunately, because of their complexity, no molecular orbital calculations of the 
potential barrier for C02 formation were done to date, and the influence of C(0) 
complexes on the rate of C02 formation was not determined. However, some 
speculative conclusions can be made on the basis of stability of the C1C2 bond. 
Calculations show that for structures with basal-plane oxygen (bl and cl) ,  C1C2 bond 
cleavage is an  exothermic reaction; therefore, it is probably favored 
thermodynamically. For structure c1, the exothermicity of bond cleavage together 
with a low activation energy (5.5 kcal/mol) implies that this structure is not very 
stable, and its transition to the structure with the broken Cl-C2 bond is more 
favorable. This in turn suggests that structure c1 does not give any C q  upon its 
decomposition. This will enhance the above mentioned relative increase in CO 
formation as the amount of oxygen on the surface increases. 
In conclusion, the addition of edge oxygen to structure bl and addition of basal-plane 
oxygen to structure c both lead to an increase in the C O / C q  ratio in the products of 
decomposition of C(0) complexes present on the surface. In the next section, these 
predictions are compared with experimental results. 

L 
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EXPERIMENTAL RESULTS AND DISCUSSION 
In this section, the relative amounts of CO and COz in the temperature- 
programmed desorption (TPD) patterns of two different carbon samples are analyzed 
as a function of the quantity of C(0) complexes on the surface. 
Carbon samples were prepared by carbonization of petroleum pitch and cellulose at 
1000 T, Samples were oxidized at 600 "C in a mixture of 20% 02/80% Ar until -20% 
burnoff, and then cooled to room temperature at the fastest possible rate (-100 
"C/min in the beginning of cooling) either in 0 2  or in Ar. After cooling and without 
any exposure to air, the samples were analyzed by TPD. The products of surface 
oxygen complex decomposition were monitored by a quadrupole mass spectrometer. 
The procedure of cooling the samples in different atmospheres allows one to 
prepare samples with different surface concentrations of C(0) complexes, while 
preserving the same total surface area; so the effect of surface area variations is 
minimized. During the cooling stage in 0 2 ,  chemisorption of oxygen produces 
additional C(0) complexes on the surface. Since gasification is not taking place, these 
complexes remain on the surface and are revealed in the subsequent TPD analysis. 
During the cooling stage in the inert gas, no additional oxygen chemisorption 
occurs; instead, desorption of the least stable (reactive) C(0) complexes takes place. 
The TPD spectra of two pitch-based carbon samples are presented in Figure 4. In 
agreement with the work of Ranish and Walker [la and Lizzio et al. [4], the sample 
cooled in 0 2  has a much higher amount of oxygen on the surface; it also has a 
higher amount of CO in the decomposition products. Very simiIar results were 
obtained for two cellulose-based samples (Figure 5); although the total amount of 
C(0) complexes is much less dependent on the manner of cooling, the CO/C@ ratio 
is again higher for the sample that was cooled in 0 2 .  

Therefore, the CO/CO2 ratio in the products of TPD increases as the quantity of 
surface oxygen increases. This result is in excellent agreement with the results of 
molecular orbital calculations. An increasing amount of oxygen on the surface 
would lead to a larger proportion of structures of type c1 relat,ive to b, bl and c,  of 
structures c relative to b,  and of structures bl relative to b .  According to the 
molecular orbital calculations discussed previously, all of this would lead to an 
increasing quantity of C O  in the products of decomposition of these complexes. 
It is important to emphasize that the observed increase in the CO/C@ ratio (in the 
products of TPD) with increasing quantity of C(0) complexes is exactly the opposite 
to what is commonly observed during carbon gasification in 0 2 .  In agreement with 
the literature data [2], we have found that the CO/C@ ratio decreases as the total 
amount of C(0) complexes increases during gasification in 0 2 .  In order to explain 
these different trends, which are thought to contain important mechanistic clues 
[MI, further investigation of the effects of surface oxygen on 0 2  chemisorption us. 
C(0) complex decomposition is needed. 
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Table L Bond energies of oxygen atom on the basal plane in different positions, Il 
in kcal/mol. 
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Figure 2. Model carbon structures used for molecular orbital calculations. 
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Figure 3. Potential curves for the reaction of ClC2 bond cleavage. 
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INTRODUCTION 
The oxidation of graphite is a reference process for both generation of energy by combustion and 
for fundamental aspects of gas-solid interface reactions. The absence of large perfectly ordered 
crystals of graphite render rigorous model studies under surface science conditions very difficult 
despite the significant efforts in this area with large synthetic graphite surfaces(1). With integral 
kinetic techniques such as TPRS and instationary kinetic data a detailed mechanistic picture has 
been develloped in a longstanding effort introducing a fraction of the geometric surface as active 
surface and the competition of two types of oxygen surface complexes which are either static and 
hence inhibiting or mobile and hence reactive in gasification(2.3.4). In addition, the selectivity to 
CO and C& was traced back to different types of reactive surface intermediates with carbonyl or 
lactone structures respectively(5). The present contribution is an attempt to investigate the 
reaction with experiments aimed at selected atomistic aspects of the mechanistic picture. In a 
previous study the gasification of HOPG was found to procede at low temperatures (200 K) and 
low oxygen partial pressures (10.' mbar) on suitably prepared surfaces (6). In this work as well as 
in many other reports(l,2,5) the importance of defects was pointed out which are either present in 
the substrate or may be. created during reaction. In the model experiment (6) self-passivation 

temperature oxidation. The existence of strongly adsorbed oxygen and weakly adsorbed oxygen 
(2.3.7) in two different bonding geometries is a common ingredient to kinetic models of graphite 
oxidation. 
Graphite oxidation is the prototype of a topotactic reaction proceeding only at the prism faces 
which should lead to a uniform shrinkage of the individual particles in uncatalysed reaction. 
Parallel to the recession mechanism there are basal plane defects which cause pitting corrosion 
creating additional prismatic faces during gassification and contribute in a difficult to control way 
to the overall rate. Other types of defects pin the edge recession e.g. by the occurence of local sp3 
bonding leading to a continous change in the length of the reaction interface and the creation of 
micro-hills (8) on reacting surfaces. 
We used large flakes of RFL (0.5-1.2 nun dia.) and powders AF (3-1-pn dia.) natural graphite 
from Kropfmiihl (Bavaria) which was purified from silicate and metal residues by basic melt and 
acid leaching. Standard gassification conditions were 20% oxygen in nitrogen and 927 K reaction 
temperature. 
Modelling of the reaction is necessary to link macroscopic rate observations which are often 
severely affected by mass- and energy transport limitations with a minimum set of elementary step 
reactions describing the overall process: 

2 * + 0 2  -i &ads (1) 

o c c u ~  after very little conversion due to the creation of strongly adsorbed oxygen g low- 

0 2  ads + 2 electrons --f &"ads (2) 
&"ads + 2 electrons + 20'- ads (3) 

C# + 02- ads + COads + 2 electrons+ * (4) 
COads + CO +C#  (5) 

COads + O2 + C a a d s  + 2 electrons + * (6) 
CoZads + C&+C# (7) 

These steps of reductive activation and carbon oxidation at a suitable defect(#) comprise the 
minimum number of reaction steps for the overall oxidation. It is evident that besides the reaction 
centre a second type of chemisorption site (*) is required for the reductive activation of oxygen 
which must exhibit an excess of delocalised electrons such as at the basal planes. These terrace 
sites are, however, unreactive for the nucleophilic activation product which implies the surface 
diffusion of the activated species. Some of these steps are different when homolytically activated 
oxygen from chemical or physical sources is involved (9). In this case, however, the topotactic 
reaction behaviour is lost. A key issue is the exact chemical nature and the location of the two 
types of active sites. 
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Fig.1: Selectivity, yield and 
TGDTA response of an integral 
reaction experiment at standard 
conditions of a 0.5 cm bed 
composed of a 3:l mkture of AF 
graphite with S i c  powder in a 
coupled TG-IMR-MS experiment. 

In Fig.1 we summarise macroscopic 
kinetic observations of a 
gassification experiment of AF 

Sufficient dilution with silicon 
carbide ensured the presence of 
molecular oxygen at the reactor 
outlet at all temperatures applied. A 
special mass spectrometer of the 
JMR-MS ionisation type is applied 
for sensitive detection of CO and 
CO, without fragmentation overlap. 

!!I 2 Both the changes in selectivity and 
in rate (proportional to the DTA z. 

I c signal) indicate that the above 
reaction scheme is insufficient to 
explain the reaction progress in this 
case. The increase in C a  
selectivity in the low-temperature 
regime complies with the initial 
removal of pre-formed C - 0  

graphite in an integral reactor. 

, 

insenion structures. The second increase in C02 at high conversion would mean that the insertion 
of active oxygen in suitably defective carbon-carbon structures becomes increasingly dominating 
over the addition of active oxygen onto unsaturated edge sites. This can be seen as consequence of 
the increasing abundance of mobile surface atomic oxygen (4) creating a high virtual pressure of 
oxygen. The di-oxygen partial pressure and the increasing abundance of basal plane sites (C*) 
increase with bum-off in contrast to the decreasing abundance of oxidation sites (C#) due to the 
recession of prismatic faces. 
Changes in rate and selectivity with bum-off were also observed in isothermal macroscopic 
experiments which were found to be critical in quantitative reproducibility. Thus it was felt that 
single particle gassification experiments should be useful. The alternative, to use less active 
reagents or to drastically reduce the temperature. may lead to better kinetic data but may not 
describe the reaction in the same kinetic state as it is characteristic for a practical combustion, i.e. 
a different reaction step may be rate-determining at low rates (10) than at higher rates. 

RESULTS 

Fig.2: IMR-MS responses for single particle 
ga.ss#cations. The graphite weight in pg is 
used to designate the experiments. The top two 
traces refer to AF, the lower trace to RFL 
gassification. The unassigned trace is the 
water response for the RFL gassijication. The 
vertical dashed line indicates the first time of 
constant oxygen partial pressure. At  t=O the 
heating in nitrogen was started After reaching 
927 K the gas was changed to oxygen in 

a - - ~m *a nitrogen. For the RFL experiment the oxygen 
was admitted in two steps at 11 and 20.5 min. 

The simultaneous observation of the weight change and the gas evolution allowed to accurately fix 
the correct sample weight in single particle gassification experiments displayed in Fig. 2 which are 
heavily perturbed by bouyancy effects when starting the isothermal reaction after rapid heating m 
nitrogen. For AF oxidation a portion of the ceramic sample holder was dusted with graphite 
particles, for RFL single clean flakes (optical microscope) were used. In all cases after reaching a 
certain threshold partial pressure of oxygen a burst of reactivity occured which was followed by a 
continous activity at much lower level. For RFL, graphite the threshold lies at about 5 ~01% 
oxygen. Associated with the inital gassifrcation is the desorption of water arising from oxidation of 
OH groups. The burst in reactivity is not connected with the creation of active sites from the OH 
group desorption as can be seen from the absence of a burst in the water trace. The data imply that 
an aged graphite surface is particulady reactive as the short duration of the burst excludes a 
location of the active centres underneath the surface. 

M * ( m K l U h ,  
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The behaviour is reflected in the inital rates of reaction obtained from the weight change data.The 
observation that within the experimental accuracy both types of graphite with differing geomemc 
surfam gave comparable results indicates the integral character of the rate integrating over many 
processes and changes in local surface structure. Unexpected is the shape of the rate curve with 
time, as the initial gassification of a reactive surface followed by a steady state bulk reaction 
should not lead to a rate minimum which depends in its shape on type and mass of the graphite 
used. The characteristic time for reaching a constant rate is with about 120 min so long that a 
process of surface modification can be excluded. Moreover, comparison with the gas evolution 
data in Fig.2 reveals that the activity in gassification does not pass through a minimum but follows 
the expected behaviour. 'Ibis implies that the weight change not only reflects the weight loss from 
gassification but indicates a simultaneous weight gain from the uptake of oxygen. Given that we 
are dealing with non-porous samples, the i n c m c  in weight cannot only be attributed to the 
formation of unreactive surface oxygen functions which can only cover a fraction of a monolayer 
(a monolayer of oxygen atoms on the geometric surface of a RFL flake would weigh about 0.002 
pg, which is below the detection limit of the present experiment). We attribute the weight gain to 
the incorporation of oxygen in the bulk of the graphite sample. The effect is strongly dependent on 
temperature with a significant reduction in the detectable amount of incorporated oxygen with 
increasing temperature (less than 20% at 977 K compared to the amount at 927 K for RFJ.,, for AF 
the effect is smaller than for RFL and so is the temperature dependence). The total amount of 
incorporated oxygen is with about 3 wt% of the RFL, sample small enough to leave the question 
about its location in irregularities of the mosaic structure or as intercalate within the van-der Waals 
gaps of the regular crystallites. This will be discussed below. 
STM can be used to reveal local details of the oxidation mechanism of graphite (8,ll) as the 
reaction does not produce -as in metal oxidation reactions- scales of low electric conductivity. The 
extra high sensitivity of STM to roughness allows to image deviation from a planar surface with a 
sensitivity of 2-3 orders of magnitude higher than the lateral resolution of a survey image. This is 
illustrated in Fig.3 showing a RFL flake before gassification and the same flake after 20 % bum- 
off. The outer surface of the flake is rather irregular and exposes a high abundance of prismatic 
faces in form of micro-flakes sitting on top of the main particle. After partial gassification these 
micro flakes have all disappeared leaving a smooth surface with a considerably lower basal- to 
prism face ratio. It is noted that none of the steps seen in this image are monosteps. The minimum 
height is 3 steps and only odd numbers of graphene layers were observed to constitute these stable 
edges. The impression of the regularity is adventitious, there are many situations with irregular 
edges on the over 1200 images which were analysed. The different appcamnce of the steps in 
different directions is due to the uneven shape of the STM tip used for imaging. These tips have to 
be extra coarse in order to survive the frequent crashes which are unavoidable in imaging such 
rough surfaces. From these images it becomes apparent why gassification starts with a high initial 
rate as the intermixing of the two active centres of planar basal planes for oxygen activation and of 
rough prism faces for oxidation is much better than after removal of the microflakes. The images 
fit well to the integral observations of the rate measurements. The triangular rows in image 3C 
indicate the local interruption of the surface electronic conductivity by f m l y  held adsorbates such 
as strongly bound oxygen atoms decorating lines of defects in the partly gasified crystal. Ribbons 
of dislocations which are normally detected by TEM contrast (12) are exposed to atomic oxygen 
and provide centres for stable functional group formation. The absence of atomic resolution in 
oxidised areas can further be seen in image 3D which shows the rare situation (8 out of 1200) of 
the coexistence of insulating islands of non-graphitic nature such as ,,carbon oxide" or diamond- 
lie carbon with normal surfaces separated by a double- and single-atomic step structure. These 
two latter images reveal the presence of lines and areas of basal planes which are non-graphitic in 
character and provide evidence for a local chemical heterogeneiety. 
Imaging monoatomic steps on graphite is rarely possible on cleaved surfaces. On oxidised surfaces 
il is, however, possible in particular at monoatomic etch pits. Fig.4A shows a situation in which a 
top crystallite exhibits a 120 deg edge while sitting on a monoatomic step. At this level of 
resolution the high degree of orientation along crystallographic main directions can be seen in 
areas with low defect density. Most remarkable is the different appearance of the two prism faces 
(triatomic step height) in two different directions. The analysis of the effect as function of the 
STM parameters reveals that the ,,structure" in one prism face is an artefact caused by the absence 
of electrical conductivity. This precludes imaging of the atomic arrangement but reveals that the 
local chemistry of the two prism face orientations is different with the structured face being largely 
covered by covalently bound oxygen groups. The other edge seems to be free of insulating bonds 
and may thus represent a more reactive face. These assignments are speculative as the 
observations are not possible during gassification (4). It remains, however, the evidence for a local 
difference in chemical interaction of differently oriented prismatic faces. 
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Fig.3: STM wide scam over a flake of 
RFL graphite before oxidation(A) and 
afer  20% bum-off (B,C;D). A Burleigh 
ARIS 6000 instrument with a W tip was 
used: gap voltage + 50 mV, constant 
current 1.0 nA. raw data as line scans. 
Scan areas are: A,B: 300x300 
nm,C:500x500 nm, D:50x50 nm 
In image 4B the atomic resolution k 
illustrated of oxidised steps near a 
terminating basal plane defect. Two top 
graphene layers are sitting in different 
rotation angles relative to the supporting 
graphene layer. The fuzzy appearance of 
the steps is also due to an imaging 
artefact caused by a low elecmcal 
conductivity at the step edges. The 
striped appearance is a sign of the tip 
crashing into the step and rquiring to 
travel over several atomic distances 
behind the steps to reach stable tunnelling 

conditions again. This is a strong indication of the presence of localised electronic states at the 
step edges and the absence of radicals or delocalised states at these locations. The presence of 
carbon-heterobonds (oxygen or hydrogen) is the likely explanation 

Fig.4: STM images of RFL afer  50 % burn-ofl In image A the dashed lines denote the conmurs 
of a top crystallite sitting over a plane with a monoatomic step (full line). In B the atomic 
resolution is achieved for oxidised monoatomic steps. The figures denote the lateral image size, 
the step heights were determinedfrom profile scans (not shown). The imaging conditions were as 
in Fig.3. 

which allows to experimentally support the chemical notion that the terminating graphene edges 
are the places of interaction between carbon and oxygen. This image reveals a possible zone of 
reactivity for addition (edges) and insertion (rows of atoms right behind the step) of activated 
oxygen. The formation of islands of modified carbon atoms within basal plane terraces as a 
consequence of gassification was not observed indicating that the spontaneous creation of 
gassification sites within perfect graphene sheets does not occur. This follows also from 
thermodynamics as the creation of the very first single vacancy requires 676 H/mol energy (13) 
whereas the produced Co2 molecule contributes only 393 H/mole to the energy balance. The 
creation of vacancies becomes rapidly easier with defects already present (13). The necessity to 
have already an intemption in the graphene layer for the oxidation to procede, drives the reaction 
to clean basal planes (1 1) and to a topotactic progression along prism faces and along ,,a-priori” 
defect sites (4.14). 
We failed to detect islands of oxygen at the terraces of the basal planes as they are seen in metal- 
oxygen interaction studies. This implies that the interaction of oxygen with the basal planes which 
is required for its activation is too weak to allow imaging by STM or that the STM tip field is 
sufficient to clear the imaging area on the basal planes. We have shown by TDS that both water 
and oxygen are adsorbed on basal planes and that the failure to see these adsorbates is an STM 

. artefact@). 

X-RAX DIFFRACTION EXPEIUMENTS 
For the observation of a gas-solid interface reaction the bulk-sensitive technique of x-ray 
diffraction should not provide any useful data as the reacting surface is not probed by the 
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exoeriment. In continuation of our single particle analysis of the reaction we studied RFL flakes by 11 
Late photographs as function of burnroff: The results-are summarised in Fig.5. 

. .  . 
j.- 

0 0.1 0.2 0.3 0.4 
Position 

F i g 3  h u e  Photographs (Mo ka radiation, beam parallel to the e-axis) of a RFL flake before 
oxidation (top densitometer trace and photograph) and after 20 I burn-off (bottom densitometer 
trace). It emerges very clearly that the flake was polycrystalline in (hk) orientation and became 
a l m s t  perfectly single crystalline afier partial oxidation. 
The data show that the flake was liberated from small crystallites throughout its volume. 
Moreover, the mosaic crystallites constituing the main part of the flake became better aligned in 
the basal plane (sharp profile after partial oxidation). This observation is corroborated by the fact 
that h u e  patterns (parallel a,b) showing the stacking order could not be obtained before oxidation 
but revealed a high degree of AB stacking after partial bum-off. This indicates that partial 
oxidation causes a kind of ,,chemical annealing". The most defective crystallites will be burnt away 
preferentially and so will be interstitial carbon in the interior of the mosaic crystal. This requires 
the action of oxygen not only on the geometric surface but also at the inner surfaces of defective 
regions. This is seen in parallel to the small but detectable storage of oxygen in the initial phase of 
oxidation. We would thus locate the oxygen not as an intercalate in between the graphene galleries 
but rather as ,,bubbles" located at defects. 
In-situ powder diffraction studies of the (002) reflection under standard gasification conditions 
were performed in order to support this interpretation. Intercalation, even in small quantities 
should lead like in residue compounds to a splitting and broadening of the (002) reflection. Initial 
experiments with H O E  as sample and Si as internal standard seemed indeed to support the 
notion about the residual intercalation (15). Frequent repetion of the experiment in different 
diffractometer geometries and with different graphite materials revealed, however, that the 
observed drastic changes in lineprofiles are diffraction artefacts caused by the uncontrolled sample 
movement exposing differently misaligned sections of the mosaic crystal to the diffraction 
condition. The lineprofile became increasingly symmetric and significantly narrower with 
progressing oxidation after removing this artefact. This is exemplified in Fig.6 The unsteady 
course of the difference curve at low temperatures indicates the residual positionning problems of 
the R K  sample. A persistent reduction of the linewidth close to the instrumental limit was 
observed after oxidation and cooling back to 300 K. The lattice constant was also observed to 
shrink irrevesibly after oxidation from the value of the Ar experiment which was found to be 
340.12 (H.03) pm at 873 K. The selectivity was also found to change with the structural 
parameters. The excess of CO2 formation increased in parallel with the reducing FWHM and with 
the change in lattice spacing. In particular, the onset of all changes co-incided in all experiments 
suggesting a correlation of the effects. The defective structural parts gassify preferentially to CO, 
the better ordered graphitic carbon reacts preferentially to C a . .  

I 

X-RAY ABSORPTION SPECTROSCOPY 
The average local electronic structure is an important parameter in the reactivity scenario of the 
gassification as it provides information about the action of the di-oxygen activation as rate- 
determining step. XPS was found to be rather insensitive to the variation of carbon-carbon 
bonding within one type of graphite partly because of the photoemission physics and partly 
because of the ill-defmed surface-sensitivity (16). This fact can be used advantageously in 
performing photoabsorption experiments at the carbon Is edge using synchrotron radiation. In this 
experiment the insensitive photoemission process is the inital state allowing thus to interpret the 
spectra without having to account for initial state changes. The general shape of the spectra which 
allow cleary to discbinate n* states from o* states has been discussed elesewhere(l6. 17). In Fig. 
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7 some quantitative data about the x* states are collected. A sample of H O E  was used for the 
reference experiment shown in the top panel. The changes in the Dolarisation of the x* resonance 
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Eg.6: Evoiution of the FWHM of the RFL 
graphite (002) rejlection as function of in- 
situ treatment temperature. The data were 
obtainedfrom Gaussian lineprofile firs. TAe 
difference plot proves the action of oxygen 
and not of temperature in the annealing 
procdure. The data were recorded after 
reaching steady state conversion at each 
temperature point in the oxidation scan and 
after 2h waiting under Ar respectively. 

are c o m p d  for pristine, oxidised and Ar 
ion sputtered surfaces. Oxidation causes 
mainly a surface roughening by pining 
giving rise to the small loss in polarisation at 
low angles between the light beam and the 
sample basal plane. The average electronic 
structure is, however, not different between 
pristine and oxidised graphite indicating that 
oxidation procedes on few sites on the 
surface and does not cover the surface with 
intermediate C - 0  groups. This precludes a 
significant reaction-induced increase in 
defect abundance. Sputtering of graphite 
with Ar ions destroys the surface and breaks 
many sp2 bonds leaving a electronically 
highly disordered surface (18). This can also 
be seen drastically from the change in 

polarisation behaviour which indicates the loss of preferred orientation of the D* orbitals (reduced 
slope) and the loss in abundance of sp2 centers (smaller absolute value at high angles). Thh type of 
surface serves as model for a type of defects inhibiting oxidation by removing the delocalised 
electronic states required for the fxst three steps in the oxidation sequence. The fact that such an 
isotropic attack of the surface electronic structure does not occur during oxidation is a 
microscopic confirnation of the topotactic nature of the reaction requiring for its progression 
minority surface sites which are not located within the basal plane. 
This technique is also suited to follow the evolution of the graphitic character with bum-off by 
examination of the intensity of the x* resonance normalised to the carbon content as shown in the 
lower panel of Fig. 7. Changing the detection condition from total Auger yield to partial Auger 
yield allows to probe non-destructively the electronic structure depth-selective. The data show 
that with increasing bum-off the degree of graphitic surface increases both at the surface (topmost 
atomic layer) and in the bulk (some 10 nm). This is full in line with all other observations reported 
here and shows for a large area the ,,cleaning" effect detected by STM. It further shows that the 
oxidative bulk annealing reduces in the inital stage of gasification the abundance of non-graphitic 
carbon atoms. 

CONCLUSIONS 
The microscopic informations presented corroborate in general the traditional view about the 
reaction mechanism as a topotactic gas-solid reaction with two different active sites having to 
interact for efficient reaction. The prism faces seem to be chemically different according to their 
crystallographic orientation. They are, however, clearly the sites of carbon-heterobond formation. 
The consequence of the step is a pronounced modification of the electronic structure of the carbon 
atoms near the edge. ?hese observations call for a structure-sensitivity of the reaction at different 
location of the active sites (e.g. variation after equations (5) and (6) of the mechanism). This 
would be in line with the picture of oxygen addition and insertion as beiig the elementary steps 
defming the selectivity. The conjecture that one of these reaction sites would mainly not be located 
near prism edges or ,,a-priori" defects is not supported by the data presented. The high thermal 
stability of the carbon heterobonds on an intact long-range-ordered prismatic edge (see Fig. 4) 
requires the overall high reaction temperature of the gasification in order to achieve steps ( 5 )  and 
(7) of the reaction sequence. Higher disordered reaction interfaces with an average lower carbon 
coordination number are benificial for a lower reaction temperature or a higher rate. (Fig. 3). 
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Fig. 7. Top: Angular dependence of the 
intensify of the 286 eV n* resonance for 
differently prepared HOPG surfaces. 
Oxidation was performed in-situ under 
standard conditions which created a large 
amounts of etch pits. Ar ion bombardment Was 
carried out at 1 kV and 10-4 mbar Ar for 2 
min. XAS data were recorded in the total yield 
mode at the HE PGM I1 station at the BESSY 
synchrotron. The bottom panel shows the 
evolution of the n* intensity with burn-off for 
AF graphite (external sample preparation). 
Surface sensitivity is created by  comparison of 
total yield (0 eV. bulk) and partial yield (150 
eV, surface) data. 
The single particle experiments further gave 
evidence for the preferential bum-off of small 
crystallites with high initial rate covering the 
individual flakes. This process drives the 
reaction towards a state in which activation of 
chemisorbed di-oxygen according to reactions 
(1)-(3) is not rate-determining despite the 
overall small sticking coefficient of di-oxygen 
on araohite (001). This is taken as strong 

indication that the well-ordered basal planes provide active centers for reductive di-oxygen 
dissociation and exhibit a function in the gasification mechanism. 
Incorporation of oxygen into graphite in weighable amounts was detected which is likely to be 
located in the voids of the mosaic crystal. It was not possible to produce unambigous structural 
evidence for regular intercalation of oxygen as islands between graphene layers. At the ,,internal" 
surfaces the oxygen removes preferentially lattice defects which allow oxidation-induced low- 
temperature annealing of the graphite. crystal. The effect was detected by X-ray diffraction 
methods and by the observation of the action of mechanical forces providing activation energy for 
defect ordering (see Fig. 3 C). Careful oxidation of natural graphite flakes can lead to well-ordered 

Defects act on the gassifcation rate as promoters by interrupting the long-range electronic 
structure of the graphene edges or within the planes (pitting) without destroying the local 
electronic structure (Fig. 7) or as inhibitors by pinning the delocalised valence electrons within a 
few interatomic distances. The counteraction of these irregularities gives rise to an unpredictable 
rate of individual mosaic flakes. The generation of a sufficient number of defetcs to modify the 
surface electronic structure as detectable by a (small) change in average hybridisation or structural 
roughening was not observed. 
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INTRODUCTION 
The pore structure and its evolution during bumout are major influence on the mechanism of 
conversion of highly porous chars. Recently, this topic has been presented in several studies [I-81. 
Pore structure, can be studied from macroscopic quantities that can be presently measured routinely. 
Evolution of the pore structure and its influence on char reactivity can be studied from changes in 
(1) external dimensions, (2) physical properties, and (3) reaction rate. In this review we concentrate 
on the role of pore structure for char reactivity and narrowed down to highly porous chars with no 
volatile or mineral matters. We present an overview, that includes only experimental results, on 
processes and properties for single particles of highly porous synthetic chars oxi+zed by oxygen. 
We will show that there is a general behavior connected to the evolution of the pore structure. 

Spherocarb particles (synthetic char) were chosen as a model material because they have relatively 
well defined and reproducible, are quite spherical and have very close pore structure. to certain coal 
chars. Only results fiom kinetically controlled conditions (regime I) are included. The particles were 
with initial total porosities in the range 70-80%, with diameters in the range 150-250 pun, oxidized 
in air or in pure oxygen, with or without moisture, in the temperature range 700-1200 K. Care was 
taken to include results that obey the Thiele criterion. Four topics will be discussed: (1) Changes in 
external shape of particles. (2) Fragmentation. (3) Changes in physical properties. (4) Oxidation rate. 

Most of the results presented here were obtained with an electrodynamic chamber (EDC). For details 
on the EDC see for example in Refs. [5,9-171. The EDC has been developed and applied for kinetic 
studies of single particles at high temperatures in many studies. The main advantages of the EDC 

I 

I 

1 

are: (1) Ability to study the kinetics of a single particle in well controlled conditions. (2) Ability to 
characterize the particle prior to reaction and monitor the important quantities in real time during 

I 

reaction. (3) The elimination of heat and mass transfer limitations existing in other methods that 
restrict kinetic measurements to slow rates. (4) The ability to study particle to particle variations. 
The quantities that were measured for single particles are: weight, shape and dimensions, density 
and porosity, temperature, total surface area, thermal conductivity, heat capacity, reaction rate. I 

OBSERVATIONS AND DISCUSSION 

Decrease in external dimensions of a particle is referred to as shrinkage. If reaction occurred in 
external surface, as in regime III and partially in regime II, change in external dimensions are 
understandable and expected. However, in regime I where oxygen is available to all active sites, the 
changes in the external dimensions must reflect the changes in the internal morphology. Two types 
of shrinkage have been observed: uniform and nokuniform shrinkage. 

, 1. Changes in External Shape 

Uniform Shrinkage. Shrinkage has been observed in various studies [15,16,18-201 for highly 
porous synthetic chars oxidized in regime I. It has been shown [21] that shrinkage is a general 
phenomenon occurring for a variety of carbonaceous materials at ranges varying from tens of 
nanometers [22] to 70 mm [23]. Shrinkage factor was defmed as the ratio of volume to initial 
volume. Figure 1 shows results for the shrinkage factor vs. conversion. The results were gathered 
from about forty different experiments covering the ranges of diameters, temperatures, and densities 
mentioned above. The shrinkage factor decreases monotonically with conversion not obeying 
neither the shrinking sphere model (linear decrease, constant density) nor the hollow sphere model 
(constant diameter). It was established [19] that shrinkage is not due to external surface reaction, but 
is a homogeneous reaction-induced densification of the microporous solid phase. Shrinkage is 
ascribed to rearrangement in the microstructure. Thus, if shrinkage is a result of morphological 
changes, other properties connected to the pore structure must change accordingly. Porosity (or 
density) and-internal surface area were extensively investigated. Figure 2 presents results for 
normalized density vs. conversion. Density decreases with conversion to approximately half its 
initial value at about 85% conversion. Although at high conversion the results are scattered a clear 
indication of increase in density is seen. This increase may be due to densification of the solid, 
which is also reflected in the thermal conductivity as will be shown below. The total surface m a  
results are less dramatic, but display the same behavior. 

Non-Uniform Shrinkage. Non-uniform shrinkage has been observed [15,17] when a particle was 
irradiated non-uniformly. It has been quantitatively investigated in a systematic manner [24]. Results 
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of the shrinkage factor for non-uniform shrinkage from many runs show a similar trend to that seen 
in Fig. 2, however, with some meaningful differences. The shrinkage factor is equal in the two cases 
h m  zero conversion to about 50% conversion, then there is a systematic deviation between the two 
phenomena. Clearly, the deviation is due to different propagation of the pore structure in the two 
cases. The important finding is that non-uniform shrinkage is also a general phenomenon that is 
independent on initial values of porosity and diameter, and reaction rate. The major conclusion from 
both uniform and non-uniform shrinkage is that the pore structure as represented by shape, external 
dimension, porosity and total surface area, is undergoing a pattern that is equal to all cases regardless 
the initial conditions or reaction rates. 

2. Fragrnenfation 
Fragmentation is another phenomenon that can shed light on the nature of the pore structure and its 
evolution. The mechanism that arises from the evolution of the pore structure is usually referred to 
as percolation fragmentation for oxygen percolates through the porous structure and "erodes" the 
carbon microcrystals with a possible subsequent fragmentation. Percolation fragmentation of carbon 
spheres during oxidation was reported in a number of studies [25-281. A theory for percolation 
fiagmentation was developed and showed that for any homogeneous material, fragmentation will 
occur at a critical porosity of about 70% [28]. Recent observation [15,24] showed also local 
percolation fiagmentation. These results strengthen the thesis that fragmentation is a threshold 
phenomenon that occurs above a critical porosity, as predicted in [28]. More than one hundred 
experiments were carried out up to 80% conversion. None of these showed any fragmentation but a 
few (two or three) showed formation of a hole in the center of the particle. This was indicative to 
local percolation fragmentation and was predicted by a recent model [23]. Another twenty-two 
experiments were conducted up to completion and half of them developed holes in the particle 
center. Out of these, only a few particles broke into two particles. The formation of holes is resulting 
from the evolution of the pore structure. In all experiments the particle underwent non-uniform 
shrinkage, transforming the initially spherical particle into a disk at 50-60% conversion. At higher 
conversion (above 85%) about half of the particles developed holes in the center. Figure 3 presents a 
typical conversion vs. time curve with a sequence of shadowgraphs depicting the shape development 
of a Spherocarb particle of 204 micron diameter at various conversions, oxidized in air at T=920 K. 
Spatial dimensions of the particle are included in the figure. Three regions of oxidation are 
observed: (i) at low conversion the particle hardly loses mass; (ii) quick mass loss from about 4% 
conversion to about 95 conversion; and (iii) very slow mass loss Iioni about 95% up to completion. 
The initially spherical particle turned into a disk at about 60% conversion. 

To conclude, formation of holes is a manifestation of the pore structure evolution displayed more 
pronouncely in disk-shaped particles, formed due to non-uniform shrinkage. Finally, breaking of the 
particle is a mere coincidence and a random incident where a particle can break due to growth and 
overlap of large macropores. The important thing is that in all these experiments, the behavior 
during oxidation was identical for all particles, regardless of initial conditions and oxidation rate. 

3. Changes in Physical Properties 
Some physical properties of chars depend on distribution of voids and solid microcrystals. Other 
properties are the reflection of the details of the pore structure, such as connectivities, microcrystal 
dimensions. Density, total surface area, and beat capacity, belong to the former and thermal 
conductivity to the latter. In both groups the behavior of the properties depend on the evolution of 
the pore structure. Thermal conductivity was systematically studied recently [16,29,30] and was 
shown to be a very strong tool for details of the pore structure and its evolution. 

Thermal conductivity. It has been clearly shown [29] that all previous concepts for highly porous 
materials cannot explain the strong observed change in thermal conductivity with conversion. The 
surprising result is that total porosity plays a minor role in the evolution of the thermal conductivity. 
A model showing that thermal conductivity is a property that is highly capacious of the information 
on the internal microstructure has been developed [29]. Main conclusions are that thermal 
conductivity is affected by: (1) Consumption of carbon on the internal surface. (2) Coalescence of 
microcrystals. (3) Activation of intercrystal joints. The change in thermal conductivity k, with 
conversion was found to be similar for all particles, regardless of initial conditions or reaction rate. 
Figure 4 shows wu, (min refer to minimum) for eleven particles at different temperatures. The 
value of k&,,,,, decreases with conversion by a factor of 5-7 from zero to 30% conversion. &. 
remains constant until 80% conversion, then it rises by a factor of 2-3 from about 90% conversion to 
final bumout. The results from the common models [32] show a very poor match to the 
experimental data. k&, decreases much slower with conversion at low conversions than observed 
and it behaves opposite to the observed behavior at high conversions. However, a good fit to the 
model that includes the features of the micromedium was obtained. The significance of these results 
is that it is most probable that the main role in the change in thermal conductivity, both at low and 
high conversion, is the change in the dimensions of microcrystal joints. At low conversion the fast 
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decrease in k, can be explained by activation of intercrystal joints, is.,  breaking the joints. The 
increase of thermal conductivity at high conversion can be ascribed to the increase in the radius of 
an intercrystal joint. The increase of a joint is a manifestation of better ordering of an individual 
microcrystal. The abruptness of the increase is likely to reflect the spontaneity of the process. 
Therefore, we interpret the increase in k, as an indication of conversion induced graphitization. An 
indication to graphitization at fmal burnout stages can be found in a recent study [31] where high- 
resolution tunneling electron microscopy was used. We should, therefore, conclude that the more 
likely model to represent thermal conductivity is the one that considers the details of the 
micromedium structure (including nature of connections between microcrystals) and does not 
consider the porous structure as a mere two-phase medium -- solid/gas -- as represented in most 
thermal conductivity models [32]. This conclusion strengthens the importance of thermal 
conductivity for the understanding of changes in the pore structure of highly porous media in 
general, and for chars in particular. 

4. Mass Transients 
Numerous measurements of mass loss were carried out for Spherocarb particles reacting in regime I 
at the range of conditions specified above. A convenient way of presenting the data is conversion vs. 
normalized time (by time at half conversion -- tin). as shown in Fig. 5 .  The various results fall 
within one curve, within experimental uncertainty (larger scatter at long time region). Three regions 
of behavior are observed (1) slow mass loss with time in the early stages of burnout; (2) fast 
reaction; and (3) slow reaction at fmal burnout. Figure 6 shows normalized reaction rate (with tln) 
vs. conversion measured from different studies at various temperatures. The fact that all results 
(transients and rates) can be normalized by one quantity (tl,J has a very strong significance: All 
three stages of conversion are strongly related to the same mechanism. Note that this mechanism 
prevails for all conditions of regime I. One can deduce that consumption of carbon is governed by 
one mechanism. Dividing the consumption process into two stages, one at which reaction sites are 
activated and the other is the actual gasification (solid carbon turns into gaseous carbon, Le., CO or 
CO,). Clearly, from the results of Figs. 5 and 6, gasification (stage 2) cannot be the rate determining 
step for it is unlikely that the two mechanisms have the same activation energies. Thus, the only 
conclusion that one can draw flom this behavior is that activation of sites is the dominant 
mechanism that governs the consumption of carbon. Active sites, however, are a direct consequence 
of the evolution of the pore structure. Therefore, the reactivity of chars as physical properties 
discussed above are also a direct consequence of the pore structure. 

In light of this conclusion one can draw a picture of the reactivity behavior of highly porous chars. 
In the early stages of bumout reactive sites are very scarce and reaction is very slow. As reaction 
proceeds, morphology and crystallinity change, and as a consequence reactive sites start to build up 
and reactivity increases. At some stage, reaction progressed such that reactive sites start  to decline, 
resulting in decreasing of reaction rate, that occurs at high conversion. In fact from this description 
one can deduce that the behavior of reaction rate is a consequence of the change in active sites an 
that the intrinsic reaction rate is constant with conversion. 

SUMMARY 
The selection of Spherocarb particles has given us the opportunity to examine physicochemical 
processes under well defmed and reproducible conditions. Differences were only on total porosity 
and diameter. The numerous results obtained in a wide range of conditions has provided a wide- 
angled view that can help elucidate the governing mechanisms for oxidation. Each of the physical 
properties studied has behaved in a certain quantitative way equal in all experiments. Similarly, the 
phenomena of shrinkage and fragmentation showed, each, clear and reproducible pathways. 
Dependence of reaction rate on temperature, on oxygen concentration, on conversion, on time has 
shown also a clear pattern regardless of initial conditions. From these observations it is inevitable to 
reach the conclusion that all these processes and quantities are related to the pore structure and its 
fme tunes. The most striking evidence is the results of conversion versus normalized time that 
showed clearly that all stages of conversion must be all connected to one mechanism. This 
conclusion, however, is only circumstantial. We do not have yet results from direct observation of 
microscopic changes (morphology and crystallinity) for Spherocarb particles. Still the numerous 
macroscopic data can serve as strong indication of the microscopic processes. Insights can be gained 
if a model that includes the microscopic features and can reconstruct the numerous physicochemical 
experimental data, by minimum parameter fitting. 
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Figure 1. Shrinkage factor versus conversion 
for uniform shrinkage [9,16,19,20]. 
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Figure 3. Conversion versus time and a 
sequence of shadowgraphs presenting the 
development of shape of a 204 microns 
Spherocarb particle vs. conversion oxidized in 
air at 920 K; C is conversion, I is length, and 
w is width. 
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Figure 5 .  Conversion versus normalized time T 
(by time at half conversion -- tin) for particles 
oxidized under un-even temperature field. 
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Figure 6. Normalized reaction rate defined as 
dC/dT versus conversion [9,12,20]. 
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INTRODUCTION 
The reaction of NO with carbon has been shown by many workers to involve two distinct rate 
regimes, at temperatures of practical interest [ 1.21. Based upon our earlier results, we suggested 
that the two regimes most likely involve rate control by site creation in the low temperature regime 
and dissociative chemisorption in the high temperature regime. Further experiments and analysis 
will be presented here in support of these hypotheses. 

The mechanism of the Nocarbon reaction has teen suggested to involve the following steps [2]: 
2 C  + NO + c ( 0 )  + C(N) (R1) 

C t C(0) + NO + C(02) + C(N) (R2) 

2 C +  2 N 0  tf 2C(NO) (33)  
C* + C(0) + NO -) C02 + C(N)+xC*+x’C (R4) 

C* + NO + CO + C(N)+yc*+y’C (R5) 
C(0) + CO + aC*+a’C (R6) 
C(02) + C02 + bC*+b’C (37) 

2C(N) --f N2 + dC*+d’C (R8) 
The reaction (R3) is only important at quite low temperatures (< 4 7 3 9  [4]. The reactions (R1) and 
(R2) are dissociative chemisorption on non-rapid m o v e r  sites [2]. The reactions involving C* are 
the rapid turnover site reactions, that yield both CO via (R5) and C@ via (R4). The reaction (R2) 
allows for some small amounts of stable Cq-forming complex on the surface. The reactions (R6). 
(R7) and (R8) reflect formation of empty rapid m o v e r  sites C*, as well as non-rapid turnover 
sites, C. The exact nature of the C* sites and C sites, and what makes them different, is unclear. 
Thus the stoichiometry of their formation is also unclear. The reactions (R6)-(R8) are. governed by 
dismbutions of activation energies, and (R6) and (R7) make a large contribution to the overall rate 
at low temperatures [1,2]. In fact, the rapid turnover processes (R4) and (R5) are probably 
governed by the same continuum of activation energies as are (R7) and (R6). respectively, except 
that at any given temperature. certain sites are effectively immediately desorbed upon formation. 

The low desorption activation energy surface species. for which the rate of desorption is quite fast 
compared to the rate of their formation by dissociative chemisorption of NO, give rise to surface 
sites that are normally “empty” (the C* sites). Again, it is probably impossible at the present time 
to define a particular reaction pathway for a particular type of site. The concept of a rapid tumover 
site is largely a bookkeeping consnuct. Without direct evidence to S U ~ ~ O I - I  the view that there exists 
a particular carbon structure C* which will, upon oxidation, immediately desorb as part of CO or 
C@, it is more prudent to adopt a more flexible view of what C* might represent. It may well be 
the case that chemisorption on one surface site will tend to destabilize another. neighboring oxide 
structure. This view is supported by the recent insightful isotope labeling experiments of Orikasa 
et al. [51 , which suggested that the rate of (R6) might be enhanced by processes involving 
participation by NO itself (though a thermal artifact was seemingly not ruled out). Kinetically, the 
transient behavior observed by these workers at 873 K appeared consistent with a rapid turnover 
process such as (R5), and the isotopic composition showed that some of the oxygen came from 
oxide on the surface 151. Thus it might be necessary to define C* more broadly, so as to include 
not only a carbon smcture that is able to be oxidized, but also possibly neighboring carbon oxide 
sites. A similar suggestion has  been advanced by Tomita and coworkers [6,71. This represents a 
considerable step in the direction of increasing complexity of models of the oxidation process. 

Here, we consider some new experimental results that help to shed further light on models of NO 
reaction with carbon. In particular, we explore funher the role of surface oxides in determining the 
rate of the reaction processes in both the high and low temperature regimes. These two regimes 
have been discussed elsewhere 11.21. and typical two-temperature regime behavior is seen in 
Figure I, which will be discussed below. 

EXPERlMENTAL 
Two different thermogavimetric analyzer (TGA) reactor systems have been used in this study; 
one from TA Instruments and the other from Cahn Insuuments. The TA Instruments TGA has a 
somewhat smaller enclosed gas volume than does the Cahn system, thus, the experiments in the 
TA h n m n t s  TGA were performed with a continuous gas flow through the TGA to ensure that 
depletion of NO was not significant. Apart from this small difference. the TGA work was 
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performed as earlier described[l,2], and the results indicate no significant differences attributable 
to the particular TGA system used. As is usual in our TGA work, experiments were performed at 
quite high NO partial pressures, ranging from about 1 to 10 kea of NO partial pressure. The 
reaction has been shown to be Fist order in NO over a very wide range of pressures [31, and the 
rates from this range of pressures can be extrapolated with confidence to lower partial pressures. 

Some experiments were performed in a packed bed reactor system. This reactor consisted of a 4 
mm ID quartz tube packed with around 100-200 mg of char, giving a bed length of order 10-30 
mm. The NO concentrations examined in this system were much lower than those in the TGA 
system, and ranged from about 1 to 20 Pa. 

One material selected for study is a char derived from phenol-formaldehyde resin. It has been 
described before [ 1.21. This material has a relatively low impurity content. The material has been 
heat treated at 1323 K for two hours prior to any experiments. A second material is a char derived 
from Wyodak coal char. This char was derived from a sample of the Argonne Premium Coal 
Sample Program [8]. Details of its pyrolysis will be discussed below. 

The chars were also subjected to “surface cleaning” in some cases. This procedure involves 
exposure of the char to high-pressure flowing helium at either 1223 or 1273 K for one to two 
hours. This results in removal of most, though not all, of the desorbable oxides from the surface. 
The amount of surface oxides that remains after surface cleaning is difficult to establish, 
quantitatively. The rate of oxide desorption at the end of the the surface cleaning process is 
generally quite low, when the process is stopped. 

Results and Discussion 

Typical results of the experiments on the resin char, at an NO partial pressure of 2 kPa, are shown 
in Figure 1. The results are shown as f i s t  order rate constants for the destruction of NO on the 
carbon surface. The data show the previously discussed two-temperature-regime behavior. Two 
different types of experiments are shown and both show the two-regime behavior. One set was 
performed as previously described [1,2]. Samples were subjected to a sequence of different 
temperatures; under a constant NO partial pressure. Different temperatures were explored by 
simply changing the temperature of the reactor. To hasten achievement of pseudo-steady state 
behavior, these experiments were performed by starting the experimental sequence at high 
temperatures. No attempt was made to clean the surface of oxides between each temperature step. 
These experiments will be referred to as those involving an “uncleaned” surface. These 
experiments gave relatively constant rates of mass loss (the main experimentally measured 
quantity) over timescales of tens of minutes, and these are what are reported in Figure 1. The 
approach to apparent steady state was generally faster, the higher the temperam. 

A second set of experiments was performed with an identical material, but with a different 
experimental procedure. The difference had to do with how the surface was prepared for an 
experiment. Rather than permitting the oxides to remain on the surface throughout the experimental 
sequence, in this case, each time the temperature was changed, the oxides were desorbed (to a 
significant extent) by heating the sample at 1223 K for two hours. These experiments are described 
as involving a “cleaned” surface. This somewhat more tedious experimental procedure had been 
earlier followed in experiments designed to determine the true order of reaction 111. In that case, it 
had been observed that leaving the oxides on the surface gave an apparent non-unity order with 
respect to NO, particularly in the high temperature regime. This was because the timescale for the 
oxide population to adjust itself to a different pressure was sufficiently long (many hours) that it 
was easy to miss this fact in experiments in which the appearance of linear mass loss with time was 
used to judge approach to pseudo-steady state. In the experiments reported here, the rates were 
again taken to be those at apparent pseudo-steady state, consistent with how the rates were 
determined for the uncleaned samples. 

Comparison of the results of experiments with cleaned and uncleaned samples shows that in the 
low temperature regime (below about 1000 K), the rate of the reaction is clearly higher with the 
surface cleaned samples. In the high temperature regime, no significant differences have been 
noted between cleaned and uncleaned samples in these, or any other, experiments. Thus there is 
suggestion that the existence of oxides on the surface can retard the apparent rate of the gasification 
under certain circumstances, commensurate with the above model in which the C* is viewed as 
depending upon free sites for rapid turnover [21. It should be noted that this result is not a 
consequence of “thermal annealing” [9], in that the more highly heat treated carbon (that with the 
surface cleaned after each cycle) is more reactive than the sample for which this is not done. These 
results at f is t  appear to be in diect contradiction to those reported by Suzuki et al. [7], in which 
oxidation of a carbon surface enhanced the rate of reaction with NO. It is possible that the 
discrepancy arises from the different degree or nature of oxidation (or surface cleaning) in the two 
studies. Suzuki et al. used 02 to oxidize the surface, and the complexes created by oxygen may be 
different than those created by NO. We have seen evidence of this difference in TPD studies. 
Further, it has been noted by Tian [lo] that addition of H2 to an NO containing mixture increases 
the rate of NO destruction. Tian’s experiments were conducted at 1073 K, and appeared to be in 
what we term the high temperature regime, so it is unclear that they can be compared directly with 
the present results. Nevertheless, they are clearly suggestive of a role of oxide removal in rate 
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enhancement’ 

Similar types of experiments have been pdonned at significantly lower NO p d a l  pressures in the 
packed bed reactor. The effect of surface cleaning is barely visible (and of course the overall 
reaction rates are. much lower). This means that the effect of surface oxide population is associated 
with the partial pressure of NO. The pseudo-steady population of surface oxides increases with 
increase in NO pressure, though this dependence is very weak at high NO pressures [I], possibly 
indicating surface saturation. There is, however, evidence that the reaction shows a higher order 
dependence upon NO pressures when NO pressures become low (of order 1 Pa). This would be 
expected, as reactions such as (R2) and (R4) become “starved” for surface oxides. The 
concentration of surface oxides would be expected to become more sensitive to the NO pressure, 
as the pressure of NO is decreased (as may be reasoned from a simple Langmuir-type adsorption 
model). 

We have also studied the effect of differences in active site density in another way, as shown in 
Figure 2. This figure illustrates the effect of heat treatment on Wyodak coal char. One char was 
prepared by heating at 1273 K for a total of four hours, while the other was heated up to a 
temperature of 1273 K, at a rate of 30 Wmin, and then immediately cooled. The results of Figure 2 
show one facet consistent with what was seen in Figure 1 - the effects of heat treatment are most 
notable in the low temperature regime, and largely disappear in the high temperature regime. Here, 
however, the less highly heat-treated char, which presumably contains more active sites to begin 
with, was not surface cleaned during the experimental sequence (in fact, each point was obtained 
with a “fresh”samp1e). The more highly heat heated char was surface cleaned. The less highly heat 
treated material would have had more active sites to begin with, and would have retained these, but 
for filling with oxides. The change in the population of sites with time was not explored. Thus the 
conclusion from these experiments is that thermal annealing effects can and do play the usual sort 
of role in influencing reactivity, but the effects are different in the two temperature. regimes. It may 
be further concluded, by comparing with Figure 1, that surface cleaning may affect the extent of 
annealing, but by the time a sample has already been heat-treated for several hours at 1273 K, the 
annealing effects become less important than the site-blockage effects. 

There are two general conclusions which may be drawn based upon these results. The fust is that 
examination of the rates and dynamics of the NO-carbon reaction must always establish in which 
temperature regime the processes of interest are occurring. There is no possibility of deriving 
“general” conclusions concerning mechanism without careful consideration of this point. There is 
ample evidence of very long timescale dynamics associated with rearrangement of surface oxides, 
which, in turn, can significantly affect the observed rates. The effects of NO partial pressure must 
also be. taken into account. The second general conclusion is that the rates in the low temperature 
regime appear to be generally more sensitive to any factors that affect active site populations than 
are rates in the high temperature regime. It is already clear that the process of NO destruction (or 
gasification) is somehow different at the higher temperatures. It is possible that a different set of 
active sites begins to dominate the rate because a different reaction pathway becomes favorable, or 
it might be that as a result of an increase in available active sites, a second step in a reaction 
pathway becomes limiting. We have earlier suggested this latter possibility [2]. 

The relative roles of the desorption processes such as (R6) compared to the rapid turnover 
processes such as (R5) has been earlier examined, using the resin char [2]. The rate of carbon 
gasification is given by the sum of contributions from the desorption processes and the processes 
such as (R5): I’=ra+rd, where rd corresponds to (R6) and ra to (R5). The focus on CO-yielding 
reactions is chosen for simplicity; the analysis may be extended to include C 0 2  as a product as 
well, at the expense of greater complexity. The data on the overall rate, r, and the desorption rate in 
the absence of NO, rd. have been given elsewhere [2]. Noting that ra = k a [ C * ] P ~ o  and rd = 
b[C(O)], then it can be seen that: 

where Ctot is the total number of sites in either the form C* or C(0). Working at the limit 
C*/Ctot<<l, Le., most sites are oxide-filled, allows the above result to be approximated as: 

The left hand side of the above equation is shown in Figure 3, yielding a slope of - 3969 K. The 
value of the last term on the right hand side is evaluated from experiments in which the free sites 
are filled at a temperature below gasification (see ref. 2). The result is also seen in Fig. 3, and 
define a slope with ( I n  of -7100 K. The rate of desorption of oxides from the surface was 
tracked in TGA experiments in which the mass loss rate was followed after removal of NO [1,2]. 
These data are also represented in Figure 3, yielding an apparent Ed = 89 kJ/mol. Combining the 
above values yields Ea = 181 kJ/mol, in good agreement with the experimentally determined value 
for the high temperature range (e.g., Figure 1). 

It is noteworthy that the above calculation spanned both the high and low temperature ranges. 
using data from each. The results of the kinetic calculation are very much in concert with the earlier 
conclusion, based upon product analyses, that both (R5) and (R6) type reactions occur in both 
temperature regimes 121. The fact that reactions of type (R5) appear to play a significant kinetic role 

The Kinetic Role of The Rapid Turnover Active Site Population 

d[In (ra/rd)Yd[l/T] = - (Ea-Ed)/R + d In [Cmt/C* -1 ] /d [lm 
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in the low temperature regime cannot be overlooked, even though their inherent activation energy is 
Seen only in the high temperature regime. It is the competition between these reactions, at any 
particular temperature, that determines the apparent kinetic constants. We have also observed that 
the shift from low-temperature to high-temperature regimes occurs at widely varying temperatures 
in different carbons, so it is not possible to make a general statement about which processes may 
be neglected at what temperatures. 

Based upon this analysis, and our earlier results, it is clear that there exists a population of sites 
that is “empty” (available for reaction) under all reactive conditions, and at which rapid turnover 
processes occur with an activation energy characteristic of the high temperature regime. The 
population of such sites appears to increase with increasing temperature. The numbers of such sites 
depend upon how the sample was prepared (how highly heat treated it was) and how heavily the 
surface is oxidized. As the temperature of the surface is raised, the population of empty sites 
increases (due to desorption of oxides) to such an extent that the rate begins to show the thermal 
dependence of the decomposition of NO on the sites. This defies the high temperatwe regime. At 
lower temperatures, the temperature dependence of the overall rate reflects the temperature 
dependence of desorption processes, since these not only contribute product via reactions such as 
@6), but also free up sites for reactions such as (R5). This model will be. formalized in a 
forthcoming paper. 
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Figure 1. A comparison of the rate constant for NO reduction by resin char with cleaned surface 
(open squares) and uncleaned surface (closed squares). The NO pressure was 2 P a .  
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Figure 2. The effect of heat treatment upon the reactivity of Wyodak char. The open points are for 
a sample heated to 1273 K at 30 Wmin, and the closed points are for a sample heated for four 
hours at 1273 K (see text). The NO partial pressure was 10 Pa. 
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Figure 3. The variation of relative rates of rapid turnover and desorption processes with 
temperature, and the variation of rapid turnover site population with temperature. Values obtained 
from TGA experiments at 1 to 10 kPa NO pressure. 
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Figure 4. Oxide desorption rate, after removal of NO from the E A .  
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Introduction 

Coal combustion for power generation has associated environmental problems, in 
particular, the release of oxides of sulphur and nitrogen which are involved in the formation of acid 
rain 192. The modification and optimization of the combustion process to minimise the NOx 
emissions is therefore of considerable interest and importance. The combustion of coal occurs 
over two stages; 

1) 
2) 

the rapid devolatilisation followed by combustionhgnition of the volatiles and 
slower gasification of the residual char. 

The niuogen present in the coal is panitioned between the volatile matter and the residual char. 
Char nitrogen has been identified 3 as the main connibutor to NO emissions from low NO, 
burners. Previous work on the gasification of char nitrogen 4-6 concentrated on temperature 
programmed conditions and possible mechanisms of the release of nitrogen. Carbons derived from 
polynuclear heterocyclic aromatic hydrocarbons with well defined initial functionality 7-10 and 
isotopic carbon (13C) 11,12 were also used as models for char gasification. 

In the present investigation, the release of NO during isothermal combustion of a suite of 
coal chars produced from a rank series of coals in an entrained flow reactor under conditions 
similar to those in pulverised fuel combustion systems was studied. The relationships between 
coal and char structural characteristics and NO release were investigated. 

Experimental 
Coal Samples 

volatile bituminous coal. 

Char sample preparation in an Entrained Flow Reactor(EFR) 

Twenty coals were used in the study, covering a wide range of rank from anthracite to high 

Pyrolysis of the coal size fraction (38 - 75pm) to produce char samples was achieved by 
the injection of coal into an entrained-flow reactor at 1273K in a nitrogen atmosphere. The reactor 
had a zone length of 1.66111 and the particles experienced residence times of -1s. Char samples 
were collected using a water cooled probe and a cyclone. 
Char characterisation data 

Carbon, hydrogen and nitrogen contents were determined using a Carlo Erba 1106 
elemental analyser. Proximate analyses of the chars were determined by modified 
thermogravimeaic analysis using a Stanton Redcroft ST780 thermogravimetric analyser. Surface 
area measurements were obtained from COz adsorption measurements at 273K in a McBain spring 
gravimemc apparatus. 
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Combustion measurements 
A Thermal Sciences STA 1500 thermogravimetric analysis instrument was connected to a 

VG quadrupole 300 amu mass spectrometer via a Imm i.d. silica lined stainless steel probe. The 
pmbe was placed directly above the sample at a distance of lOmm from the surface of the sample. 
Isothermal combustion was carried out by heating the sample to the desired temperature (873 - 
13233) in  an atmosphere of argon. After thermal equilibrium was reached, the gas was switched 
to 20% oxygedargon. A gas flow rate of 50 cm3 min-1 was used with -5mg of char sample with 
particle size 38-75pm. The gaseous species evolved and the weight loss profile were recorded 
with respect to time. Reactivity measurements were determined from isothermal gasification in 
20% 0 d A r  at 773K. The reactivities of the chars during combustion were calculated from the 
rectilinear region of the weight loss-time curve. 

Results 
Isothermal Gasification measurements 

The gasification rates of the coal chars at various temperatures between 773 and 1323K are 
shown in Figure 1 as a function of isothermal gasification temperature and volatile matter of the 
parent coal. It is apparent that there are two regions corresponding to the reaction being under 
chemical control at temperatures typically less than 9733, while above 973K the reaction is under 
diffusion control. In the chemical control region (below 973K), the gasification rate increases 
markedly with temperature. In the diffusion controlled region, above 973K, there is a very slow 
increase in the rate of gasification with temperature. In the region where the reaction is under 
chemical control, the gasification rate increases quite sharply with decreasing rank. In the region 
where the reaction is under diffusion control, there is a slight decrease in the gasification rate with 
coal rank. 
Conversion of char nitrogen to NO 
Isothermal Combustion profiles 

Figure 2 shows the isothermal combustion profiles for a low rank coal char at 873 and 
1273K in 20% 02/Ar. At 8733, the combustion takes place where the reaction is under chemical 
control while at 1273K. the reaction is under diffusion control. It is evident that the NO/(CO + 
COz) ratio increases with increasing burn-off for combustion at both temperatures. Similar trends 
were observed for the combustion of the suite of chars under both chemical and diffusion control. 
Gas concentration measurements 

The release of nitric oxide from the combustion of the E.F.R. coal chars varied with the 
rank of the parent coal and the isothermal gasification temperature. In regions of low gasification 
temperature and for high rank coals, the ratio of nitric oxide released normalised to the initial 
amounts of nitrogen in the char (NO/char-N), was highest. For low rank coals, the effect of 
temperature on the NO/char-N ratio was not as great. It was also apparent that there was a 
dependence of the NO/char-N ratio on coal rank at any given temperature. There was a marked 
decrease in the NO/char-N ratio with a decrease in coal rank. Again, this was less apparent at the 
higher combustion temperatures when the reaction was under diffusion conml. 

The relationships between carbon structural characteristics and the conversion of char 
nitrogen to NO during combustion are of considerable interest. At low temperatures, gasification 
rate is governed by chemical control, and therefore the porous and surface structure of the char 
need  to be taken into consideration. Figure 3 shows that there is a correlation between gasification 
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rate and the evolution of char-N as NO at 873K (chemical control region). At 1273K, when the 
reaction is under diffusion control, there was no comelation between char gasification rate and NO 
evolution. The clear correlation of NO/char-N with gasification rate observed for isothermal 
combustion at 8733 was less evident when the rate was normalised by the surface area of the char. 
This indicates that the porous structure is a factor which influences the gasification of the char 
under chemical control and also the conversion of char-N to NO during combustion. In diffusion 
control, the external surface of the char is the important parameter. 

Discussion 
Char nitrogen conversion to NO 

In this study, the gas sampling probe to the mass spectrometer was placed directly above 
the sample and this has been shown to detect reactive intermediate species before they are 
converted to equilibrium species (direct sampling) 6910. When the sampling probe is moved to 
the exhaust of the TGA, near equilibrium conditions are obtained (exhaust sampling). At this 
sampling position, the NO/N ratio increases due to small amounts of reactive intermediate species, 
such as HCN and (CN), produced in the char gasification being converted to NO in the gas phase 
by reaction with oxygen 10. NO is the major primary product of char-N gasification. Mass 
transport effects and reduction of the NO in the carbon bed in the TGA may also modify the 
conversion of char nitrogen to NO during gasification/combustion. Figure 2 shows that the 
NO/(CO + C02) ratio increases with increasing carbon conversion and similar results were 
obtained for the combustion of the suite of chars under both chemical and diffusion control 
conditions. This can be attributed to two reasons; a) the retention of nitrogen in the char and/or b) 
the lower extent of reduction of the primary char nitrogen oxidation product NO, in the pores or on 
the surface of the char as the structure changes with carbon conversion. 

Tullin er a1 have proposed 13 that char nitrogen reacts with either oxygen to form NO or 
with NO to form N20 as the char undergoes gasification. The NO and N2O are reduced by the 
char to N2. Since the diameter of the char particles decreases with increasing carbon conversion 
there is less opportunity for the NO to be reduced. This explains the increase in NO/(CO + C02) 
with increasing carbon conversion. These authors also observed a decrease in N20 with carbon 
conversion. They proposed that there was a decrease in NO concentration in the pores, thus 
causing a reduction in the formation of N20. These authors used modelling studies 14 to support 
the proposal. 

Previous studies of the isothermal combustion of model carbons prepared by the high 
pressure carbonization of polynuclear aromatic hydrocarbons gave similar results 7-9. In 
addition, analytical data showed that the N/C ratio increased with increasing carbon conversion 
thereby suppomng the former explanation. Therefore it is possible that both nitrogen retention and 
lower NO reduction occur with increasing carbon conversion. 

Temperature programmed combustion studies of E.F.R. chars have shown 3,4 that the 
conversion of char-N to NO increases with rank up to - 1.5% vimnite reflectance before reaching a 
plateau. High levels of NO release were also associated with lower reactivity chars and it was 
proposed that the char reactivity, total surface area, and char surface structure are factors which 
influence the conversion of char nitrogen to NO during combustion. 

Previous studies have suggested that NO is reduced on the carbon surface to form N2 
and/or N 2 0  4-*9 lo, 13914. Also the CO reaction with NO may be catalysed by the char 
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surface 15. High rank coals have a more ordered structure than the lower rank coals and there are 
generally fewer active sites available. In addition, the porous structure varies systematically with 
rank. Coals which develop thermoplasticity give rise to anisotropic chars where there is an 
increase in the extent of alignment of the carbon lamellae resulting in a low surface area. It is 
apparent that the coal chars which have the lower surface areas tend to be associated with higher 
levels of NO release. This indicates that the lower reactivity and available surface area of the high 
rank coal chars gives rise to higher NO/char-N conversion ratios due to a lower reduction of the 
primary char oxidation product NO on the surface and/or in the pores of the char. Figure 3 clearly 
shows that the less reactive chars are associated with high levels of NO release, at low 
tempaatures where the reaction is under chemical control. 

Conclusions 
The release of nitrogen in the combustion of coal chars derived from a suite of coals 

covering a wide range of rank has been studied. The NO/(CO + C02) ratios increased with 
increasing burn-off for isothermal combustion in both the chemical and diffusion control 
temperature regimes. This suggests that the nitrogen is retained preferentially in the char and/or the 
extent of reduction of NO on the char surface is lower as carbon conversion proceeds. Lower 
conversions of char nitrogen to NO are observed from low rank coals. Chars with low surface 
areas and low reactivity have high conversions of char-N to NO. The primary product of char-N 
combustion, NO, is reduced in the porous structure and/or on the surface of the coal char. The 
char structure may also catalyse the reaction of CO with NO. The extent of reduction varies with 
temperature and mass transpon limitations as well as the structure of the char. 
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Figure 1. The variation of char reactivity with 1D and volatile matter of the parent coal. 
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ABSTRACT 

The NO reduction with carbon has been investigated in the presence of oxygen. 
The use of both mass spectrometer and gas chromatography for gas analysis, 
together with the use of isotope gas, was quite powerful. It was concluded that N2 
was formed by the reaction between surface nitrogen species and gaseous NO. 

INTRODUCTION 

Emission of nitrogen oxides is of concern from an environmental point of view as 
it may be involved in the formation of photochemical smog and acid rain. When they 
are produced by coal combustion or diesel engines, carbonaceous matter appears to 
be a good candidate as reducing agent, producing N2, CO and C021.2. However, 
oxygen is usually present and particular attention was recently paid to the role it 
plays in the reduction of nitrogen 0xides37~. These studies clarified the function of 
oxygen-containing complexes on carbon as reaction intermediates. The presence of 
nitrogen-containing species at the surface of carbon was also revealed but the 
species appear to be stable until 1000°C, at least in the absence of oxygen2.5. 

The purpose of this study is to investigate the role of nitrogen containing species 
trapped on the carbon surface in the reduction of NO with carbon in the presence of 
oxygen. 

EXPERIWPENTAL 

Phenol formaldehyde resin (PF) char is used as carbon source throughout this 
study. Its preparation was described in details in a recent publication4. In a typical 
experiment, about 200 mg of PF char was placed in a fxed bed reactor under He flow 
and then heat-treated at 950°C for 30 min immediately before use. The concentra- 
tion of reactant gas was normally around 500 ppm of NO and 5 % of 0 2  both diluted 
in He. 15N18O gas was purchased from Isotec Co. and its isotopic punty is 99 % for 
N and 95 % for 0. Neither isotopically labeled carbon nor 0 2  were used in this study. 

Gases emitted during experiments are identified and quantified simultaneously by 
mass spectrometer (MS: Anelva AQA 200) and gas chromatography (GC: Area 
M200). For GC analysis, MS5 and PPQ columns were used for the separation of 02, 
N2 and CO and for C02, respectively. Both MS and GC were calibrated by using 
commercially available standard gases diluted in He. 

RESULTS AND DISCUSSION 

NO conversion in TPR experiment. 
Temperature programmed reactions (TPR) of PF char in the presence of 420 

ppm NO were carried out at a rate of 3"C.min-1 (Figure 1). Without 0 2 ,  the reaction 
began at about 600°C and almost completed at 950°C. In the presence of oxygen (2 
vel%), NO conversion started at 200°C but remained lower than 5 % up to 45OOC. 
Thereafter, it increased to be completed at 700°C. Thus, 0 2  shifted the conversion 
curve of NO by more than 200°C. It should be noteworthy that 0 2  conversion curve 
coincided with that of NO. This coincidence was also observed for other carbon sam- 
ples, brown coal char, activated carbon and graphite, in spite that  the reaction 
started at quite different temperatures for these four carbons. The reaction with 0 2  
might create reactive sites which are able to react with N02. In the following 
experiments 600°C was chosen as the reaction temperature, since this is low enough 
to avoid an excess reaction of NO in the presence of 0 2  and high enough to obtain 
reasonable conversion rate without 0 2 .  

Reduction of NO at 600°C in the absence of 0 2 .  
Conversion curve in Figure 1 indicates that NO reduction on PF char is almost 

negligible at  600°C in the absence of 0 2 .  However, since pretreatment by oxygen 
creates reactive sites available for NO reduction, PF char pretreated by 5 % 0 2  at 
600°C for 20 min was used to react with 530 ppm NO. Figure 2 shows that before 
introduction of NO into the reactor, only residual evolution of CO was noticed, 
indicating the desorption of oxygen complexes h m  the pretreated char. Introduction 
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of NO WBB immediately followed by a dramatic increase of CO production as well as 
C02 and N2. This indicates the effective reduction of NO even in the absence of 02 .  
The presence of oxygen-containing sites in char play a key role in this reaction. 
Thereafter, products concentration decreased to stabilize as NO conversion 
decreased to a quasi-steady state. After 15 rnin of the reaction, NO concentration 
was about 350 ppm in the exhaust gas, corresponding to NO consumption of 180 
ppm. N2 production did not exceed 15 ppm, suggesting the storage of nitrogen 
species in char. Such compounds are known to be stable, at least under an inert 
atmosphere to 1000°C235. 

Reaction of PF char with NO was immediately followed by its TPR at 10"C.min-1 
in the presence of 5 % 02 .  Figures 3a and 3b show gas evolution during this TPR. 
The conversion of 0 2  started at 500°C (Figure 3a). CO concentration increased first 
to reach a maximum at 680°C and then decreased while C02 reached two maxima 
a t  680 and 830°C and thereafter decreased as the amount of carbon remaining in 
the reactor became too small. N2 and NO production profiles were shown in Figure 
3b. It seems natural that a part of nitrogen species on PF char, produced in the 
preceding NO reaction?was oxidized by 0 2  and converted to NO. Interestingly, as 
was reported in the previous papel-4, the formation of N2 was observed in spite that 
only 0 2  was present as a reactant. Nitrogen containing surface species was 
liberated as N2 with the aid of oxygen. It should be noted that the use of both MS 
and GC made this observation possible. 

Reduction of NO at 600°C in the presence of 0 2  - Transient kinetics. 
In order to clanfy whether Ncontaining species are involved in NO reduction on 

PF char or not, the following transient kinetic experiment was done: a mixture of 
530 ppm 14N160 and 5 % 0 2  was flowed through the reactor a t  600°C for 21 min 
and then switched to a flow of 530 ppm 15N18O and 5 % 0 2  for additional 21 min. 
The main products were CO and C02. First, as shown in Figure 4a, their concentra- 
tions increased together with 0 2  conversion. This may be related to the activation of 
PF char. Thereafter, concentrations stabilized and later CO and COP production 
slowly decreased perhaps because of the loss of carbon. Species produced in lower 
amounts are presented in Figure 4b. First, the conversion of NO to N2 increased 
accompanied with the activation of PF char. NO concentration in this steady state 
was around 370 ppm, which corresponded to disappearance of about 160 ppm. As 
N2 concentration did not exceed 35 ppm, some accumulation of nitrogen in PF char 
might have taken place during thii period. 

Switching from 14N160 to 15Nl80 resulted in a sudden decrease'in 14N160, and 
various products were formed. Main products were Cl60 and (21602 (Figure 4a) with 
some C160180 (Figure 4b). As nitrogen-containing species, d e  of 29, 30, 31 and 33 
were observed and they were assigned to 14N15N, 14N160 or 15N2 (or C180), 
15N160 and 15N180, respectively. The most important observation here is the 
formation of 14N15N. The concentration of 14N15N was almost the same as the 
amount of N2 determined by GC at least in the initial stage of 15N180/02 gasifica- 
tion. This indicates that the main N2 species was 14N15N, and the formation of 
14N2 (the same d e  with ClSO) and 15N2 (the same d e  with CIS0 and 14N160) 
was negligible. In the later stage, however, the discrepancy between 14N15N and N2 
(by gas chromatography) became apparent, and therefore 15N2 might contribute to 
some extent in this region. This can be interpreted by the depletion of 14N-species 
and accumulation of 15N-species on carbon. The above observation suggests that 
the N2 formation mechanism can be related to the interaction between 14N-species 
previously kept in PF char and 15N180 in gas phase. 

C(14N) + 15NO -----> 14N15N + COX + Cf 

In the previous study', it was shown that the possibility of the above mechanism 
was rather small. However, the previous results were obtained in the absence of 
oxygen, where the formation rate of N2 was very low. Moreover, the char was 
treated for 1 h with He prior to the reaction with NO, and thus the surface nitrogen 
species was stabilized to some extent. Therefore the present condition is different 
from that reported earlier and it is more close to the actual gasification condition of 
interest. 

The total NO concentration at 40 rnin can be expected at around 300 ppm from 
the extrapolation of the NO concentration between 0 and 21 min, since the reaction 
itself was continuous before and after gas switching. Unreacted 15N180 was 120 
ppm and 15N160 produced by isotope exchange was 110 ppm. The rest should be 
14N160 which is the reaction product between surface 14N and gaseous 1602. 
Gases for d e  of 46, 30 and 31 evolved rather slowly in the beginning, because 
accumulation of new surface species by the reaction with 15N180 was necessary for 
the formation of these gases. 
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CONCLUSION 

Use of GC and MS enables to show the gas formation behavior in detail during 
the NO reduction with carbon in the presence of oxygen. Nitrogen-containing species 
previously trapped on PF char was removed as either N2 or NO during TPR in 02. 
The transient kinetic study where 14N160 was switched to 15N180 in the presence 
of 1 6 0 2  clearly showed the formation of 14N15N. This is a strong evidence for the 
proposed mechanism of N2 formation, which involves one nitrogen from surface 
nitmgen-containing species and another nitrogen from gaseous NO. 
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INTRODUCTION 
The increasingly stringent environmental legislation requires efforts to find 

more effective and inexpensive pollution control systems. Removal of NO, from 
both stationary and mobile sources is the subject of very intense research and 
development. Selective catalytic reduction (SCR) is commercially available 
technology [1,2]. However, when excess oxygen is present in the exhaust gases the 
state-of-the-art catalyst is not effective for removing NO, [3-51. 

Carbon is known to be an effective adsorbent and catalyst in the simultaneous 
removal of SO, and NO, [6-81. Reducing agents such as m, CO, H2 or 
hydrocarbons with an alumina- or titania-supported catalyst are used [3,9-101. The 
problem with this technology is the need to introduce a reducing agent to the feed. 
The use of inexpensive coal-based chars which are gradually consumed can be an 
interesting solution because no additional reductant is required. Chars produced 
from lignites are known to exhibit high catalytic activity for the reduction of NO 
with ammonia [ l l ]  and recently a 'calcined char from a subbituminous coal was 
used to remove NO, with the assistance of microwave energy [12]. 

In this paper, low-rank coal chars are used to remove NO, from an oxygen-rich 
atmosphere. The effects of both pyrolysis temperature and inorganic impurities 
naturally present in coals are studied. 

EXPERIMENTAL 
Four low-rank coals, two lignites and two subbituminous coals, were selected for 

direct NO reduction in the presence of 0 2 .  Table 1 shows the PSOC number, the 
ASTM rank and selected inorganic components in the coals. Eight chars were 
obtained by pyrolyzing the coals in a tube furnace at 500 and 700 "C (Nz, 80 mL/min, 
lh). An additional char was prepared by pyrolyzing one of the lignites at 900 OC. 

The kinetics of the NO+Oz/carbon reaction was studied at atmospheric pressure 
in a fixed-bed quartz microreactor connected to a quadrupole mass spectrometer (VG 
QUADRUPOLE). Temperature-programmed reaction (15NO+02, 10 OC/min, 
Tmax=500 "C) and isothermal reaction experiments were carried out in the following 
environments: (i) 0.5% 15NO/Ar, (ii) 5% Oz/Ar, and (iii) 0.5% 15N0/5% OZ/Ar. 
Temperature-programmed desorption (TPD) runs were also conducted (He, 20 
"C/min, Tm,,=900 "C) before and after isothermal reaction in the various mixtures. 

RESULTS AND DISCUSSION 
Temperature-programmed reaction (TPR) experiments. Figure 1 shows the TPR 
curves, %NO reduction us. reaction temperature, for the three chars obtained from 
lignite 1422. Chars 1422/700 and 1422/900 exhibit somewhat different behavior from 
that of the low-temperature char (1422/500): NO reduction maximum at low 
temperature (T<200 "C) and a lower NO reduction capacity at high temperature 
(T>200 "C). As can be concluded from Figure 2, this characteristic low-temperature 
TPR profile is only exhibited by chars prepared from lignites 1422 and 1548, which 
have the highest potassium and sodium content (see Table 1). Similar low- 
temperature profiles were found for activated carbon loaded with potassium [13,14]. 

The analysis of reaction products evolved during the low-temperature reaction 
stage reveals some significant differences with respect to the potassium-loaded 
activated carbons. The quantity of N2 evolved is much smaller than the quantity of 
NO retained (-5%); in other words, nondissociative NO chemisorption seems to be 
the main phenomenon occurring at the low temperatures [13,14]. Subsequent 
desorption of thus retained NO gives rise to the negative values shown at 
intermediate temperatures in Figures 1 and 2. 

The fact that the low-temperature TPR behavior described above is observed 
only for chars pyrolyzed at 700 and 900 OC means that important changes take place 
during the coal pyrolysis step. The theoretical temperature of reduction of 
potassium oxide (K20) by carbon (graphite) is $25 'C [15]; furthermore, it is well 
known [16] that reduced potassium species can spread over the surface and thus 
achieve a high degree of dispersion. Obviously, these two phenomena are more 
important at higher pyrolysis temperatures; consequently, potassium-catalyzed NO 
adsorption [17] becomes more pronounced. 
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In the high-temperature region, where a continuous increase in NO reduction is 
observed (Figures 1 and 2), pyrolysis temperature has the opposite effect: the low- 
temperature char exhibits a higher activity for NO reduction than chars pyrolyzed at 
higher temperatures (1422/700 and 1422/900). Analysis of the reaction products 
evolved shows that NO reduction is accompanied by evolution of Np, N20 and c q .  

Char 1427J500 thus shows the highest activity for NO reduction. In agreement 
with the well known effects of pyrolysis temperature on char reactivity [18-201, it also 
has the highest reactivity in 0 2  (see also Table 2). For example, the temperature at 
which the 02/C reaction starts (during a TPR experiment) is the lowest. Also, the 
ignition temperature has been used in the literature as a good index to compare the 
reactivity of carbons in 0 2  [21]; lower ignition temperature was observed for char 
1422/500 (-305 "C) than for char 1422/700 (-340 "C). On the other hand, a higher 
ignition temperature and no substantial difference was observed for the two chars 
prepared from coal 1547 (-380 'C for both 1547/500 and 1547/700), which has the 
lowest content of potassium and sodium. This is not a surprising result of course. 
Alkali metals are very effective catalysts for carbon oxidation reactions [22]. 
Furthermore, a correlation between the NO reduction capacity of a char and its 
reactivity in 0 2  has been discussed in detail recently [17]. 

It was thus of interest to monitor the nature and quantity of carbon-oxygen 
surface complexes formed on the surface of room-temperature-air-exposed coal 
chars before NO reduction. The CO2 and CO evolved in a TPD experiment is a 
convenient measure of surface complexes present on the chars (231. The quantity of 
Cop and CO evolved by the low-temperature char 1422/500 (1605 and 650 p o l / g  C) 
is higher than that evolved from high-temperature chars 1422/700 and 1422/900 (902 
and 963 pmol/g C, and 369 and 113 p o l / g  C, respectively); furthermore, the chars 
obtained from subbituminous coals, 1547/500 and 1547/500, yield less Cop and CO 
(703 and 928 p o l / g  C, and 549 and 386 pmol/g C, respectively). 

The different effects of pyrolysis temperature in the low-temperature os. high- 
temperature region imply that different active sites are involved in the two regimes. 
At low temperatures, the activity for NO reduction is governed by the catalyst active 
sites; at higher temperatures, the reactivity of the char (i.e., the number of carbon 
active sites) appears to control the NO reduction behavior. A similar conclusion was 
reached in our previous TPR s h d y  using an activated carbon loaded with different 
amounts of potassium: the low-temperature profile was determined by catalyst 
loading and dispersion, but no differences were observed at higher temperatures, 
where carbon reactivity controls the NO reduction capacity [14]. 

Isothermal reaction experiments. Isothermal reaction experiments were performed 
in three different atmospheres: NO+Op, NO and 0 2 .  After reaction (for ca. 60 
minutes), a TPD experiment was also performed. 

Figure 3 shows the evolution of the % NO reduction curve with time for all 
chars pyrolyzed at 500 "C and also for chars 1422/700 and 1422/900. Table 2 
summarizes the kinetic data for NO reduction after 1 hour in both atmospheres (NO 
and NO+Op), as well as the reactivity in oxygen (5% 02, balance Ar) and the level of 
carbon consumption (YO burnoff). The isothermal behavior observed supports the 
conclusions based on the TPR study: (a) chars from lignites 1422 and 1548 have a 
higher capacity for NO reduction than chars prepared from subbituminous coals, 
and @) the low-temperature chars show the highest activity in the NO+Op/C 
reaction. Table 2 also reveals that the high NO reduction level is maintained by 
chars 1422/500 and 1548/500 and that a reasonable carbon consumption level is 
achieved. The main reaction products are Np and Con, with some NpO being 
evolved (Npo/Np=0.15), but CO is not detected. 

The activity data in the absence of oxygen confirm the important enhancement 
of NO reduction capacity in an oxygen-rich atmosphere [24,17]. The degree of 
enhancement is larger for the 500 'C chars than for the 700 OC chars. It is also more 
important for chars obtained from the two lignites. The reactivity in 0 2  seems to be 
the key to the understanding of these effects: chars that exhibit the highest increase 
in NO reduction (1422/500 and 1548/500) also have the highest reactivity in oxygen. 
Again, the analogy between NO reduction by carbon and the carbon/Op reaction is 
made apparent. 

The results discussed above are in agreement with some recent studies of Tomita 
and coworkers [25] and with our previous proposal about the role of oxygen in NO 
reduction [17]. This can be summarized succinctly as follows: 

2Cf + @ -------> 2C(O) 
2C(O) I_ > CQ+Cf 
C(0) ----> CO(+Cf) 
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Upon desorption of COz and CO, a larger number of free actives sites (Cf) on the 
carbon surface is produced than in the absence of 0 2 ;  it is these 'nascent' sites which 
increase char's activity for NO reduction. By comparing columns 3, 5 and 7 in Table 
2, we conclude that, despite the much higher propensity of chars to react with 0 2 ,  
the fraction of carbon consumed by NO (column 8) can be quite high. (It is this 
number which may require some additional optimization in pursuit of commercial 
viability of this novel approach to NOx reduction.) Mochida et al. [26] recently 
concluded also that the active sites in carbon/NO/@ system are created by liberation 
of CO and COz, in contrast to their earlier assumption [A that the active sites are the 
carbon-oxygen surface complexes. 

Finally, analysis of the species evolved during TPD after isothermal reaction also 
provides valuable information. Evolution of N2 is not significant, suggesting both 
that N;! is produced primarily according to the reaction 2NO + 2Cf = 2C(O) + N2 [17] 
and that the concentration of C(N) surface complexes is not very high. This 
conclusion is in agreement with our previous results using activated carbons [13- 
14,17,27]. In Figure 4, the increase in the amount of C q  evolved after the N0+02/C 
reaction indicates that some oxygen is retained on the surface during the NO/C 
reaction. This surface oxygen (or oxygen-containing speaes) can be retained by either 
the catalyst or the char. The fact that the COz desorption curves show a peak with a 
maximum at -560 OC suggests that Co;? is captured by K20 thus forming a carbonate. 
The formation of K2CO3 has also been suggested by Garda-Garda et al. [28] after the 
N0+02/C reaction in similar potassium-loaded char samples; its decomposition, 
during subsequent TPD, exhibited a maximum at -600 OC. The CO curves show a 
maximum at -700 "C, which can be due to partial reduction of metallic oxides 
present in the ash (e.g., K20, Na20, FezO3) by the char. (CO peaks with maxima at 
-750 and -800 OC were observed during TF'D of K- and Fe-loaded activated carbons 
[13,27].) In support of the above interpretation is the finding that TPD curves for 
chars 1422/700 and 1422/900 show a better defined CO2 peak after N0+02/C and 
02/C reactions, even though a lower amount of CO2 is evolved (in agreement with 
the fact that these chars are less active for NO reduction): a more reduced and better 
dispersed potassium species seems to be obtained after pyrolysis at 700 and 900 OC. 
Another interesting result from this series of TPD experiments is that the amount of 
CO2 retained by the char after NO+O2/C reaction increases with increasing pyrolysis 
temperature: 4% of CO2 evolved is captured (as K2CO3) by char 1422/500, while 18 
and 55% are captured by chars 1422/700 and 1422/900, respectively. 
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PsOC No. 

1422 

1548 

1547 

1546 

ASTM rank ASTM ash yield Inorganic element 
(wt %) analysis (wt %) 

Na, 0.73; K, 0.11; 
Ca, 1.4; Fe, 0.81 

Na, 0.66; K, 0.05; 
Ca, 1.8; Fe, 0.61 

Na, 0.12; K, 0.05; 
Ca, 1.3; Fe, 0.85 

Na, 0.25; K, 0.05; 
Ca, 0.60; Fe, 0.20 

Lignite 9.49 

Lignite A 6.37 

Subbituminous 9.85 

Subbituminous 4.80 

Tabl; 2. NO Reduction Data at 350 OC for Different Coal Chars 

% Burnoff 
NO+02 NO 
19;5 0.3 
4.0 0.4 
1.1 
21.0 0.5 
4.0 0.4 
3.4 0.3 
2.6 0.2 
11.0 - 
4.3 - 

Char 

1422/500 
1422/700 
1422/900 
1548/500 
1548/700 
1547/500 
1547/700 
1546/500 
1546/700 

Reactivity 
in 0 2  (h-')* 

0.20 
0.06 
0.01 
0.23 
0.04 
0.04 
0.02 
0.13 
0.05 

Pyrolysis 
yield (wt %: 

45 
37 
32 
47 
40 
54 
52 
52 
45 

% NO reduced 
N0+02 NO 
54 12 
34 18 

53 12 
35 15 
17 0 
11 10 
24 
11 

0 

F** 

0.13 
0.25 
0.23 
0.09 
0.37 
0.21 
0.22 
0.20 
0.27 

*integrated value, based on carbon consumption over the 60-minute period. 
*'F = fraction of carbon consumed by NO (in the N0+02/C reaction). 

- 5 0  ' I I I 1 1 

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  
TCC) 

Figure 1. TPR profiles (0.5% NO, 5% 9, balance Ar) for chars obtained from 
lignite 1422 effect of pyrolysis temperature. 
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Figure 2. TPR profiles (0.5% NO, 5% 02, balance Ar) for chars pyrolyzed 
at 700 O C :  effect of coal rank. 
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Figure 3. Effect of pyrolysis temperature on the kinetics of the NO+O2/C 
reaction (350 OC; 0.5% NO, 5% e, balance Ar). 
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Figure 4. TPD profiles for sample 1422/500 before (He) and after reaction in N0-2, 
NO and 0 2 .  
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INTRODUCTION 

The reduction of NO emissions from combustion processes has become increasingly 
important in protecting the world's environment. It has been shown that Selective Catalytic 
Reduction (SCR) with ammonia is an effective commercial technique to remove NO, from 
combustion flue gas. However, the implementation of this technique is limited by high investment 
and operating costs, "ammonia slip", and SO, poisoning, which motivate the search for 
alternatives.' Carbon (activated carbon or char) is a promising reducing agent for NO, reduction 
with many potential advantages, such as low cost, easy availability, high efficiency, simplicity of 
process, and no secondary pollution.'" Moreover, the heterogeneous reaction of NO with char is 
very important for the understanding of the formation of NO from coal combustion processes. 
The reaction may significantly destroy the NO, formed earlier b coal combustion, which partially 
conmbutes to low NO emission from fluidized bed c o m b ~ s t i o n . ~ ~  Therefore, the reaction of NO 
with char is receiving significant attention in the literature. 

Previous investigations on the reaction of NO with char involve the kinetics and 
mechani~m,6'~~ the effects of char surface area, 2421, the effects of feed gas compo~ition,l~.'.~ and 
the catalytic effects of  metal^?.'^.^*^^ The reaction of NO with char has generally been reported 
to be first order with respect to NO partial pre~sure,7.'~.'~ but reaction orders between 0.42 and 
0.73 have also been reported.M A sharp shift in the activation energy has been observed in the 
temperature range of 873-973 K, which su$ljests a complex reaction me~hanism.6'~"~'~ Several 
mechanisms have been p r ~ p o s e d . ~ " ~ ' ~ ~ ' ~ ~ ' ~ ~ '  ' However, questions concerning N, formation, the 
surface complexes, the nature of active surface sites, and the effects of minerals in char ash are still 
not well understood. In most previous studies, chars were taken to be pure carbon, thus the 
effects of the ash in chars and its composition on the kinetics and mechanism of the reduction 
reactions are not well known. Althoufh the catalytic effects of certain metals or metal oxides on 
the reactions have been investigated,"' 2226-29 littl e is ' known about their effects on the kinetics of 
the reaction. Therefore, the objectives of this study are to investigate. the kinetics of the reaction of 
NO with Beulah Zap chars, to study the effects of CaO on the kinetics. 

EXPERIMENTAL METHODS 

The chars used in this study were prepared from 63 - 74 pm particles of North Dakota 
Beulah Zap lignite in a methane flat-flame bumer (FFB). Parent char (NDL), a portion of NDL 
washed with HCI to remove mineral matter O W ) ,  and a portion of NDW reloaded with calcium 
oxide (NCa) were used. The CaO contents of NDL, NDW, and NCa are 3.5, 1.1, and 2.4% , 
respectively. AU of these chars were made previously in our laboratory, and details of their 
preparation were reported 

The reduction of NO by char was carried out for all chars at 5 - 6 temperatures between 
723 and 1073K in a 10 mm ID VYC0R"glass vertical packed bed reactor with a fritted quartz disc 
of medium porosity as a support. For each run, 0.2 g char mixed with 2 g silicon carbide (inert 
materials for the reduction of NO) was packed in the reactor, and heated in He to the maximum 
temperature desired using an electric furnace. NO diluted with He (3130 ppm of NO) was then fed 
downward through the reactor for about 1 hour, when a pseudo-steady state was reached. Data 
were subsequently collected at 5 to 6 flow rate settings between 100 and 500 mymin (NTp) at each 
of the temperatures studied. For each run, it took about 4 hours to collect all the data, and the 
burnout of the char was about 10% during that period of time. The inlet gas pressure in the mactor 
was controlled at 300 kPa (3 atm). The outlet pressure at each condition was also measured to 
determine the pressure drop cross the packed bed. 

The compositions of outlet gases were continuously monitored for N, , CO, CO,, N20, 
and 0, by a GC (Perkin-Elmer, 3920B) with TCD and two columns (one packed wth 
Chromosorb 106, the other packed with molecular sieve 5A), and for NO and NOz by a 
Chemiluminescence NO analyzer (Therm0 Environmental, 42H). The variations in nitrogen and 
oxygen mass balances \;ere determined between inlet and outlet streams for each run and always 
fell within f5%. 

RESULTS AND DISCUSSION 

Pretests and Corrections. A typical plot of NO conversion vs. time shows that decreases 
from 100% to its pseudo-steady state value after about 1 hour. This probably results from NO 
adsorption on the sample andlor very active char surface sites that are quickly consumed. 
Thereafter, the conversion of NO decreases very slowly because of the loss of char mass. In order 
to account for the effect of the char mass loss in the calculation of kinetic parameters, a correction 
was made based on a carbon mass balance using the followina stoichiometric reaction: 
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C + (l+y) NO = (1-y) CO +y COz + lD(l+y) Nz (1) 

where y = [COJ/([CO]+[CO2]), and [CO] and [COJ are concenuations of CO and CO,, 
respectively. Since [CO] and [COJ are. measurable quantities, the mass loss of char, ML (g), can 
be calculated 

ML = 12.t.FoNo.XNd(l+y) (2) 

where tis reaction time elapsed (min); Go is average conversion of NO in this period; pN, is the 
inlet molar flow rate of NO (mol/min) calculated from the ideal gas law. 

Figure 1 shows the variation of char mass ON) with the NO conversion (XN,,) in the form 
of the integrated rate expression, where the char mass has been corrected using Eq. 2, for the 
beginning and end of run. Since both sets of values fit the same straight line, the effect of the char 
mass loss on the reaction rate constant has been eliminated. 

As mentioned, the inlet reactor pressures was typically 3.0 atm., but the outlet pressures 
varied with flow rate. In the calculation of concenaation used in the kinetic rate expression, an 
average pressure P = (Pi. + PQJ2 was used. Figure 2 shows how using this approach gives 
kinetic data that all fell on the same straight line for runs in which the pressure was varied ( P, 
from 1.5 to 3.0 atm. and P,, from 1.2 to 2.8 atm.) and the total flow rate was varied. 

' h e  calculation of film mass transfer and pore diffusion resistances for a worst case 
scenario (the maximum particle diameter, the minimum flow rate, and the maximum reaction rate 
observed) indicated that film mass transfer (maximum MT resistance = 2.7%) and pore diffusion 
(minium effectiveness factor = 0.99)were negligible in this study. 

Kinetics. Because a broad range of NO conversion was observed in this study, the reactor was 
modeled as an integral plug flow reactor. The reaction rate constants and reaction order were 
obtained by integral analysis of the experimental data. Briefly, the differential form of the plug 
flow reactor performance equation is 

dWPj-,O = dXNd -rNo (3) 

If the reaction is first order in NO (as confirmed later), integrating Eq. (3) produces the integrated 
rate expression as 

-In (l-Xj-,O) = kl CON0 WPNO (4) 

where X,, = NO conversion (= (moles NO in - moles NO out) / moles NO in): pNo = inlet molar 
flow rate of NO (molesh): W = char weight (g); -rN0 = NO depletion rate (moles NO 
reacted/s*gchar); PN,, = initial NO concentration (moles&); k, = f is t  order rate constant 
(Us*g_char). 

Thus, if experimental data are plotted as -ln(l-XNo) vs. CON, W P N O  and a straight line is 
obtained that passes through the origin, then evidence of 1st order kinetics is obtained and the 
slope of the line equals the value of the rate constant, k,. 

The experimental data for NDL char plotted as -ln(l-XNo) vs. CON,, WPN,, are shown in 
Figure 3, indicating that the reaction is first order with respect to NO. Attempts to fit the data to 
other orders were made, but straight lines were not obtained for all temperatures. Table 1 lists 
values for the reaction rate constants, their lower and upper 95% confidence limits, and statistical 
analysk parameters for NDL char data obtained at 6 different temperatures. The correlation 
coefficients, t-test values, and F-test values all show that the experimental data were excellently fit 
by first order kinetics under the experimental conditions. The standard emor was typically less 
than 5%. Similar results were obtained for the other two chars, NDW and NCa. 

The Effect of CaO. The variations of NO conversion with temperature are shown in Table 2 
for three char types at a flow rate of 303 mvmin (NTP) . The results for other flow rates are 
similar. 7he conversion of NO increases noticeably in the order NDL > NCa > NDW. This is in 
the same order as the CaO content of the three chars, 3.5% > 2.4% > 1.1%. Therefore, the effects 
of CaO on the reaction of NO with chars appear to be significant. 

Figure 4 shows the Arrhenius plots of the rate data for NDL, NDW, and NCa chars. 'Ihe 
bars around points in the figure show the variation of the reaction rate constants in 95% confidence 
level. A sharp shift in the apparent activation energy with temperatures was observed, as also 
reported in literature.6*'.1s'8 The temperatures at which the transition takes place are in the range of 
823 -973 K, and decrease as the CaO content increases. This shift to higher activation energy with 
increasing temperature is opposite to the expectation if a reaction is changing from chemical rate 
control to mass transfer control, and suggests different mechanisms or rate determining steps at 
high and low temperatures. It is also noted that at low temperatures the apparent activation 
energies for all *,char 'ypes are. essentially the same (22 26 kcal/mol); at high temperatures, 
however, the achvahon energies vary from 45 to 60 kcal/mol, mcreasing as the CaO content of the 
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chars decreases. The variation of the NO reduction reactivity, the apparent activation energy, and 
the transition temperature with the CaO content are summarized in Table 2. 

Discussion. The active surface sites of carbon are generally classified as edge sites and basal 
sites. At low temperatures, the reactivity of the basal sites can be negligible, compared to that of 
the edge sites." In addition to the active sites of carbon, there exist other active sites, including 
sites on the surface of CaO, K,O, CuO, and other potential catalysts. These active sites, as 
chemid or structural impurities, enhance the carbon edge sites; they can also chemisorb NO 
dissociatively like the carbon active sites. While chemisorbed oxygen migrates to and reacts with 
the carbon edge sites around, the chemisorption of NO on the inorganic sites continues. 
Therefore, CaO, &O, CuO etc. may exhibit catalytic effects on the reaction of NO with char. 

The reactivity of NO with char increases significantly with increasing CaO content. Such 
incxease involves two aspects. On one hand, an increase in CaO content provides more defects of 
coal structure, the reactivity of char then increases; on the other hand, the catalytic effects of CaO 
also increase due to more active CaO sites. The reaction of NO with char may not proceed as a 
simple catalytic process. Two routes may exist in parallel, which are the direct reduction of NO on 
active carbon sites and the catalytic reduction of NO through active CaO sites. When there are 
enough active CaO available, the catalytic reduction route is predominant On the other hand, when 
very few active CaO sites exist, the direct reduction route becomes predominant Between the two 
extreme cases, which most actual cases may belong to, the reduction of NO may be conaolled by 
the both routes. Therefore, the two parallel processes should be taken into account in the 
mechanism of the reaction of NO with char. A possible parallel reaction model may be described 
as follows: 

where C' is ' ca 

NO + 2C' -+ C'(0) + C'(N) 
NO + 2C c-) C(0) + C(N) 
NO + 2 s  -+ S ( 0 )  + S(N) 
2C'(N) (y S(N)) + N, + 2C'(or S )  

C'+ C'(0) + NO 4 CO, + C'(N) 

S(0) + c 4 C'(0) + s 
C(0) + C' -+ C'(0) + c 
C'(0) -+ co 
C'(0) + co -+ coz + C' 
2C70) -+ co, + c 
co, + c' -+ 2C70) 

in edee sites: C is the basal sites: S is > active sites of catalysts. Reactions 
la, lb, IC are parallel pr&esses of the dissociative chemisorption of NO. The desorption of the 
chemisorbed oxygen involves only the carbon edge sites (C') represented by Reaction 4, 5, 7, and 
8, which are pardel routes. AU oxygen atoms adsorbed on the other active sites (C or S) need to 
migrate to the carbon edge sites before desorption as described by Reaction 3a, 3b. On the bases 
of the facts of the delay in C02 or CO evolution with respect to N, 27-29 and the positive effects of 
0, on the reaction of NO with char,' it is reasonable to assume that the desorption of the 
chemisorbed oxygen is the rate determining steps. At low temperatures, Reactions 5 and 8 may be 
slow; therefore, the reaction rate of NO with char may depend on Reactions 4, 6, 7 or a 
combination of these reactions, and CO, is a dominant product of C-containing species; at high 
temperatures, however, Reactions 5 and 8 become fast, and Reaction 5 will be a major pathway of 
the desorption of the chemisorbed oxygen, so that Reaction 5 controls the reaction rate of NO with 
char, and CO becomes a dominant product. With the shift in the rate determining step, the 
apparent activation energy also changes as shown in Figure 4. 

Since the reduction of NO by char is composed of two parallel processes, Le. the direct 
reduction of NO on active carbon sites and the catalytic reduction of NO through active CaO sites, 
it seems that the apparent activation energy for the global reaction of NO with char is a combination 
of the activation energies of the two parallel processes in some way. When the CaO content 
(actually the CaO surface area) increases, the proportion of the catalytic reduction may increase. If 
the activation energy for the catalytic reduction is lower than that for direct reduction (a reasonable 
assumption), the apparent activation energy will decrease as the CaO content increases as listed in 
Table 2 for the high temperature data. 

CONCLUSION 

The kinetics of the reaction of NO with char have been determined for three kinds of chars 
with different CaO contents. The reaction is first order with respect to NO partial pressure, and 
has a sharp shift in the activation energy with temperature. The shift temperature decreases as the 
CaO content in the chars increases. At low temperatures, the activation energies for all three char 
types,= essentially the same (22-26 kcallmol); at high temperatures, however, the activation 
energies vary in the range of 45 to 60 kcal/mol, and increase as the CaO content decreases. The 
migrahon of the chemisorbed oxygen on basal carbon sites to carbon edge sites at high 
temperatures may result in a shift in the rate determining step, so that a shift in the activation energy 
takes place . When the Cao content increases, the activation energy of the migration of the 
chemisorbed oxygen may decrease; hence, the shift temperature decreases. 
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Table 1 
T k, k, k, StA Error Corr Coef t Test tdisuib F Test F-disbib 

The Reaction Rate Constants of NDL Char and Statistical Analysis 

oc Ikec'gchar Low95% Up95% z a==.01 a=o.01 
650 0.0736 0.0562 0.0909 4.03E-03 0.994 18.2 9.925 333 199 
625 0.0353 0.0333 0.0373 7.29E-04 0.998 48.5 4.604 2348 26 
600 0.0182 0.0161 0.0202 7.4OE-04 0.993 24.6 4.604 457 26 
600 0.0181 0.0158 0.0205 8.48E-04 0.991 21.4 4.604 604 26 
550 0.WO 0.0063 0.0078 2.66E-04 0.994 26.5 4.604 701 26 
500  0.0029 0.0026 0.0032 l.lOE-04 0.994 26.2 4.604 686 26 
470 0.0016 0.0016 0.0017 2.56E-05 0.999 64.1 4.604 4103 26 

Table 2 NO Reduction Reactivitv. Amarent Activation Energv and 
-< - ~ -  

Transition Temperatur; for. 'Three Char types 
CaO T @SO% conv. Transition T App. ACL Energy (kcal/mol) 
% (Q=303mVm). K K High Temp Low Temp 

NDL 3.5 875 853 44.5*5 22.233 
NCa 2.4 940 893 5 3 . M  2 6 2 3  
NDW 1.1 980 953 59.5f5 22.7*3 
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Figure 1 The effect of run time 
on the integrated rate expression 
after the char mass loss correction. 

Figure 2 The effect of pressure 
and flow rate (Pa,) on the 
integrated rate expression, using 
P u  = 1i2(P, +PA. 

Figure 3 Experimental data for 
NDL char plotted as -ln(l-xNo) 
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INTRODUCTION 
The need to control NO, emissions from fossil fuel power plants has lead to the development of 
commercially proven technologies, the best known being selective catalytic reduction (SCR)'". 
Because NOx concentrations are generally at near trace levels and less than 0.3%', a number of other 
potentially more efficient control measures have and are being investigated. One such measure 
includes the use of adsorbents such as metal oxides%$, ion-exchanged zeolites', activated carbon fibers 
with and without modifierselO, and activated carbonsll-ls. 

Activated carbons can be used effectively for SCR and for the oxidation of SO, to SQ with the 
subsequent formation of H2S0,'619. The uptake of SO, by carbons in the absence of NO, has been 
studied extensivelp? M~istur.?'~, 0, contet~t~-~', and temperature2* influence greatly the amount 
of SO, adsorbed onto activated carbons, although agreement is lacking on the synergistic or 
detrimental effects of madsorbed 0, and HzOn-2s. It bas been suggested that two different sites on 
the carbon are involved in SO, adsorption and oxidation26, and that two different SQ species are 
present on the carbon during and after a d s o r p t i ~ n ~ . ~ ~ .  

NO adsorption onto activated carbons over a temperature range of 20-120°C and in the absence of 
SO, have been reportedll-lJ*n-? Without Ob a carbon's NO uptake capacities and adsorption kinetics 
were low" 28 in comparison to when 0, was present as a co-ad~orbate''-'~. These data have shown 
that the adsorption of NO from a simulated flue gas containing O,, CQ, and H, 0 involved the 
catalytic conversion of NO + % 0, + NO, at active site@) on the carbon"-" leading to NQ 
adsorption capacities as high as 200 mg NO, (g carbon)-'. No published work has been found which 
details adsorption capacities and kinetics during the co-adsorption of NO and SO, over activated 
carbons or other porous materials. However, an understanding of the effects of such co-adsorption 
is very important because the combustion flue gas from every type of fossil fuel will contain SO, and 
NOx. Hence, this work was performed to elucidate interactions between NQ, and SO , in and over 
activated carbons during adsorption and desorption cycling. 

EXPERIMENTAL 
Instrumentation. NOJS0,adsorptioddesorption profiles were obtained using a Seiko TGDTA 320 
coupled to a VG Micromass PC quadrupole mass spectrometer ( M S ) .  A heated (170°C) fused silica 
capillary was used to transfer an aliquot of the atmosphere above the sample pan in the 
themogravimetric analyzer (TG) to an inert metrasil molecular leak which interfaced the capillary 
with the enclosed ion source of the MS. Both instruments were controlled by computers which also 
provided for programmable control of the furnace, continuous weight measurements, sweep gas valve 
switching, data acquisition and analysis, review of MS scans and export of data to other computers. 
The MS bas a Nier type enclosed ion sowce, a triple mass filter, and two detectors (a Faraday cup and 
a secondary emissions multiplier). 

The TG sample pan was loaded with a constant activated carbon volume 
weighing approximately 20-30 mg. The sweep gas flow rate through the TG was held constant at 200 
ml m-I metered at room temperature and pressure. The beating regime of the furnace incorporated 
segmmb in the following order for pre-conditioning, cooling, adsorption, reversible desorption, and 
tempemWe-induced (irreversible) desorption. Explanations of each step and example programs have 
been previously p~blished'~'~. For this study, the preconditioning and irreversible desorption heating 
rate, adsorption time interval, reversible desorption time, and the maximum desorption temperature 
were 20 "C m', 60 m, 30 m, and 350 O C respectively. A He gas sweep was used during pre- 
conditioning, and reversible and irreversible desorptions. Pre-conditioned carbon was exposed to 
simulated flue gas only during the adsorption step. Multiple and consecutive adsorptioddesorption 
cycles could be performed by recycling the furnace temperature program. 

The MS was used to continuously monitor gases during an experiment. Spectral scans were acquired 
over a 1-100 a.m.u. range with a total measurement interval of approximately 30 s per 100 a.m.u.. 

The identification of desorbed gases 
detected by the MS was done by using the major mass ions, 64,44,32, and 18, for SO,, CO,, O,, and 
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H20 respectively. The major mass ion for both NO and NO, is 30. The relative abundance of a.m.u. 
46 for NO, gas is approximately 40 percent, but in mixtures of gases, this value can change. 
Therefore, NO and NO, were identified by comparing the mass ion ratio, 30/46, during desorption 
with ratios determined using mixtures of NO or NO, and all combinations of gases used during our 
study. 

A carbon, commercially produced by physical activation with steam, was used. The carbon had N, 
BET total, meso- and micropore surface areas and pore volumes of 460,20, and 440 m2 g.’ and 0.69, 
0.45, and 0.24 ml g.’ respectively. The chemical and physical properties of this carbon, identified as 
carbon, a, in a previous publication, has been described in detaiP. Carbon pre-conditioned under a 
flow of He or SO, was used. 

Three simulated flue gas mixtures were used during this study. The concentrations of O,, CO,, and 
H,O were held constant at 5%, 15%, and 0.4-0.6% respectively. The NO and SO, composition of the 
three mixtures were varied as follows: 1% NO with 0% SO,, 1% NO with 0.025% SO,, and 0% NO 
with 0.025% Sa. He was used as the balance gas. The primary variable studied was the simulated 
flue gas composition at an adsorption temperature of 70T.  

RESULTS AND DISCUSSION 
Adsorptioddesorption profiles shown in Figure 1 were generated during each TGMS experiment. 
The weight gained, weight lost and an identification of the desorbed gas species were determined 
using these profiles. Figure 1 shows a profile for the co-adsorption of NO, and SO, at 70°C. Carbon 
pre-conditioning is performed up to point a. The weight gained upon exposure of the carbon to the 
simulated flue gas (points a-to-b) was attributed to the adsorption of gas components. Weight lost 
at the adsorption temperature after switching from the simulated flue gas to He (points b-to-e) was 
attributed to “reversibly adsorbed” species. Weight lost as a consequence of increasing the 
temperature of the carbon (points c-to-d, and beyond), i.e. during temperature programmed desorption 
(TF’D), was attributed to two “irreversibly adsorbed” species which evolved at different temperatures. 
They were identified by MS as NO, and SO, and were the only evolved gas species detected. Upon 
reaching the maximum desorption temperature, the carbon weight returned to the pre-adsorption 
starting weight. 

Weight gain curves during exposure of the activated carbon to the three different flue gas mixtures 
are presented in Figure 2. The total uptake decreased from 143 mg (g carbon).’ -to- 129 mg (g 
carbon)’’ when SO, was a constituent in the gas. Pre-saturating the carbon with SO2 prior to exposure 
to gases containing both NO and SO, decreased further the total uptake to 109 mg (g carbon)-’. In 
the presence of SO, only (no NO), the uptake was only 24 mg (g carbon).’. 

The desorption weight loss curves, presented in Figure 3, were defined with respect to reversible and 
irreversible (TF’D) components. Reversible desorption accounted for 18%, 36% and 58% of the total 
uptake for gases containing both NO and SO, NO alone, or SO, alone, respectively. Figure 4 shows 
the DTG curves acquired during TF’D and Figure 5 gives the desorption weights which could be 
attributed to specific evolved gases by MS. For simulated flue gas containing NO and SO,, two 
irreversibly adsorbed species desorbed from the carbon and were identified to be NO, and SO,. The 
temperature of maximum evolution was 145°C for NO, and 319°C for SO, (also see Figure 1). The 
adsorption of NO, in the absence of SO , also gave two irreversibly adsorbed species, having 
temperatures of maximum evolution at 144°C and 352°C. These two irreversible components were 
identified as NO, and CO, respectively. Only one irreversibly adsorbed species, identified as SO,, 
was desorbed from the carbon after exposure to gas containing SO, (no NO). The maximum 
evolution of this SO, occurred at 302°C. 

When SO, was present, the amount of irreversibly adsorbed NO , decreased to 68 mg (g carbon)’’ 
from 87 mg(g carbon).’ when SO, was not present (Figure 5) .  The amount of irreversible NO, 
species further decreased to 59 mg (g carbon)-’ when the carbon was pre-saturated with SOI. 
However, the amount of irreversibly bound SO, was doubled when SO, was adsorbed in the presence 
of NO in comparison to when SO, was adsorbed by itself. This enhancement suggests that there is 
synergistic interaction between NO, and S0,during adsorption onto the carbon. Another observation 
was the fact that carbon pre-saturated with SO, and then exposed to the NO + SO, - containing flue 
gas (compare Figures 2 and 5) adsorbed more SO2 than without the pre-saturation. Additionally, the 
temperature of desorption for the irreversibly adsorbed SO, species was increased from 300°C (in the 
case of SO2 adsorption without NO) to 320°C when SO, and NO, are co-desorbed. 

We have previously postulated that NO, adsorption involved the catalytic conversion of NO + % 0, 
-+ NO, at an active site@) on the carbon and that NO, then condenses within the micropores of the 

It is possible that active sites are created during the co-adsorption of NO, and SO, that are 
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not created during the adsorption of SO, by itself, or the presence of NO, on the surface may assist 
the oxidation of SO, + SO, on the carbon which enhanced the uptake of SO,. Relative to the effects 
of SO, on the uptake capacity of NO, , it may bind to or interfere with the sites involved in the 
catalytic conversion of NO-to-NO,, thereby resulting in lower NO, adsorption. 

The temperature of maximum evolution of NO, was not altered by the presence of SQ, indicating 
that the mechanism of condensation of NO, within the micropores was not affected by SO, surface 
species. Because condensation of NO, within the micropores would be strongly dependent on van 
der Waal forces5J0J2, and because SO, and NO, have similar van der Waal force constants, it is 
possible that adsorbed SO, would not affect the NO, storage mechanism. However, SO, has a critical 
volume 1.5 times that of NO, and has stronger bonding to the carbon. Both of these factors would 
suggest that the adsorbed SO, species may concentrate at pore mouths, a location which would limit 
NO, condensation. The slower rate of reversible desorption when NO, + SO, are co-adsorbed (Figure 
3) in comparison to adsorption of NO, alone may also reflect a physical impediment related to SO,; 
for instance SO, bound to active sites could limit or block the access of NO, to the micropores, 
thereby affecting not only the storage capacity but also the rate of adsorptioddesorption. 

In fact, the maximum adsorption rate and the desorption rate for the irreversibly adsorbed NO, species 
were decreased by the madsorption of SO, (Figure 6). Good correlations (3 = 1 .OO) were obtained 
for the decline in the maximum adsorption rate (second order) and desorption rate (first order) versus 
the amount of SO2 adsorbed. We have previously reported that the NO, adsorption capacity of 
different carbons was dependent on the maximum adsorption rate of NO,, but that the desorption rate 
of the irreversibly adsorbed NO, species was the same for all carbonsl5. For the current study, the 
amount of NO, stored in the carbon versus the maximum adsorption rate, as influenced by SO , , 
resulted in a good second order correlation, 3 = 0.995 (Figure 7). 

SUMMARY AND CONCLUSION 
During the co-adsorption of NO, and SO, from a simulated flue gas, less NO, and substantially more 
SO, was adsorbed in comparison to when either oxide was adsorbed by itself. The adsorption 
mechanism for NO, remained unchanged in the presence or absence of SO,. When NO, and SO, were 
co-adsorbed, a synergism improved the capacity of the carbon for SO, uptake. The presence of 
adsorbed SO, in the carbon significantly decreased the rate of adsorption and the rates of both 
reversible and irreversible desorption of NO,, indicating the possibility of a physical impediment 
created by the adsorbed SO,. 
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Figure 1. Adsorption-desorption profile from TG-MS for adsorption of NO, and SO, at 70°C. 
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INTRODUCTION 
As part of a continuing study of the heterogeneous reactions of 
black carbon with gas phase oxidant species, the adsorption of 
low concentrations (30 - 2000 ppm) of SO, and NO2 individually, 
together, and in the presence of other adsorbates have been 
studied by spectroscopic and microgravimetric techniques. 
Previous work in this study has revealed a dual path mechanism 
for the reaction of NO,/NzO, with n-hexane soot over concentration 
range 9 ppm - 200 torr (1,Z). (This soot has been used 
throughout these investigations as a model for fossil fuel- 
produced black carbon). The effect of simulated solar radiation 
on the reaction at lower pressures (9-35ppm) is in the 
diminution of the NO, reactant through its photolytic 
dissociation (2). An FT-IR study of the reaction of various 
nitrogen oxides with black carbon showed the only reactive 
species at 298K to be NO,, with NO and N,O unreactive (3). A 
spectroscopic examination of the gaseous products of the soot- 
oxides of nitrogen-water vapor reaction has revealed the 
formation of CO, CO,, and NP, along with NO, from a redox 
reaction between NOJNp, and the most reactive components of soot 
during the reaction's early stages (4). At higher temperatures 
and NOz/N1O. pressures, n-hexane soot undergoes chemisorption and 
two types of redox reaction depending upon the conditions (5). 
The major redox reaction, for which an intermediate C-(NOI)x 
complex has been identified, is precluded by prior chemisorption 
but, if initiated, results in brisk oxidation of the carbon to 
CO and COz ( 5 ) .  Previous studies of black carbon-SO,-qO-o, 
reaction systems in these laboratories include the effect of 
simulated solar radiation in the formation of surface sulfate 
(6) and the effect of metal oxides with carbon on sulfate 
formation (7). Interaction of SO, and carbon represent the most 
intensively studied of the heterogeneous systems containing 
carbon. An attempt to understand the molecular dynamics 
involved in the reactions of carbon in the presence of multiple 
reactants, such as SO, and NO,, underlies the present work. 

RESULTS AND DISCUSSION 
SOz Adsorption 
Because those reactions of SO. and NO, in the presence of and 
with black carbon which are of interest to US occur in air, all 
adsorption studies were carried out in the presence of zero air 
(compressed air with CO, and HzO removed). This immediately 
raises the question of any role of 0, in SO, adsorption, one 
addressed in our other paper in this symposium ( E ) ,  involving 
competition for adsorption sites. That work demonstrates no 
such direct competition, or at least weaker adsorption of so,, 
the presence of SO, showing no effect on the corrected normalized 
integral of soot's EPR signal ( 8 ) .  

Hicrogravimetric experiments in which 10 mg n-hexane soot was 
exposed to 600-2000 ppm SO, show a depletive adsorption as 
illustrated in Figure 1. At 60 min., just prior to the purge 
with zero air, the surface coverages ( 8 )  by SO, were calculated 
from soot mass increase, its specific surface area of 89f2 d/g, 
and a molecular area for SO, of 19.2 hf (9 ) .  for each replicate 
run. A plot of 0 versus P,, shows a linear dependence, Figure 
2, far which the relationship 

e - ( 5 . 0 6  i0.07) x 104 P, + (18.16 i0.08) 10, (1) 
obtains. A linear relationship between 0 and P is expected at 
low pressures for adsorption systems obeying the Langmuir 
isotherm (10) 
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0 - kP/(l+kP) (2) 
The intercept in this case suggests a second mode. of SO, 
adsorption which may be determined by some surface 

Time (mi") 

Figure 1. Adsorption of SO, on soot 

characteristic. Independent evidence of another mode comes from 
Figure 1 in which the desorption of SO, by zero air 
asymptotically approaches a limiting mass reflecting retention 
of as much as 20% of the total adsorbed. A likely candidate for 

500 IMX) I5op 2wO 
svvvr dioxide mrrcNntl m (wm) 

Figure 2 .  Plot of surface coverage ( 8 )  as a function of Pm2 

this adsorption pathway is the surface hydrolysis of SO, to 
S O , . H p  (%SO,). The resulting reaction scheme 

ki 

k.1 
so, (g) + ss c ss. SO, (6) (3) 

( 4 )  

where SS = surface site, could be followed by oxidation to 
sulfate 

SS.SO, (6) + Ii@.ads ? S S .  H,SOl (8) 

SS.S,SO] + 1/24 -+ SS. H,SO, ( 5 )  

Small amounts of adsorbed water cannot be excluded from the soot 
surface under these conditions. 

The effect of temperature on SO, adsorption was examined with a 
soot mass of 15 mg at 1010 ppm SO, by the same microgravimetric 
technique. Figure 3 shows a family of mass gain versus time 
curves over the temperature range 22°C to 66% for the first 5 
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minutes of the adsorption experiment. These data represent 
surface coverages ranging from 8.6 to 2.2 percent, respectively, 
which exhibit a linear relationship to temperature. Utilizing 
microgravimetric data such as those of Figure 1, it is possible 
to estimate the fraction of adsorbed SOz which is irreversibly 
bound to the surface, as represented by equation 4, 

4 
% 800 

I 

g 

3 200 

$ 400 

S 

0 2.0 3.0 4.0 5.0 0.0 1.0 rims min 

Figure 3. Mass gain versus time curves as a function of 
temperature. 

at each temperature. From the total number of adsorbed 
molecules per gram, then, the reversibly adsorbed (physisorbed) 
SO, and a set of equilibrium constants for equation 3 have been 
calculated. These data are summarized in Table I. 

Table I. Effect of Temperature on SO, Adsorption 

Temperature, SO, surface Fraction of' Q x IO'", 
T coverage, e sq molecules 

phyeisorbed, per g-ppm 
f 

22 0.0858 0.823 3.24 

34 0.0684 0.810 2.54 

46 0.0479 0.772 1.74 

66 0,0225 0.763 0.79 

Plots of log% versus 1/T show some curvature reflecting the 
apparent fact that the enthalpy of physiaorption for SO, on 
n-hexane soot is a function of surface coverage. Over the 
temperature range 22-66T, this value averages 26.8 kJ/mol-K, a 
figure within the range of 20-27 kJ/mol found by Davini (11) for 
SO, adsorption on three oxidized carbons at 20°C and 1 
atmosphere. By comparison, the molar heat of vaporization of so, 
also is 26.8 kJ/mol at 22°C. 

Coadsorption of SO1 and NOl 
Spectroscopic and microgravimetric data from the NO,/N,O,-soot 
system (1.2) over a wide concentration range conform to the 
Elovich equation, an isotherm for activated adsorption or 
chemisorption. The principal products at low concentration of NO 
at laboratory temperatures are such functional groups as -NO,, 2 
ONO, -NN%. As noted above, on the other hand, SO, adsorption is 
primarily reversible, involves a low heat of adsorption and is 
more properly termed physisorption; however, up to 2 0 %  appears 
to be surface reactive or undergoes some type of chemisorption. 
Of interest in this work'have been the molecular mechanisms of 
coadsorption Of S& and NO,, given the different natures of their 
adsorption. 

Figure 4 is a composite of microgravimetric Curves of soot which 
summarizes its behavior during a series of SO2 and NOz exposures. 
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Figure 4. Adootplon of SO2 and NO2 on soot 

Each experiment was carried out with 15 mg soot and 1010 ppm of 
SO, and \ or NO2 in zero air at 2 2 ° C .  This sequence of curves 
reveals the following: 

1. the typical SO, adsorption curve is interrupted by a flow 
of NOz at 60 min, the SO, desorption (as P,, --> 0) followed 
within 4 minutes by the increase in mass accompanying NO, 
chemisorption; 
2. the inverae order of flow shows an adsorption of SO, 
following  NO^ of about 16% less than untreated soot; because 
N q  is mostly chemisorbed, the SO, flow does not result in 
visible mass loss.; 
3. a flow of SO, and NO, together yields an increase in mass 
11% higher than separately; this curve is reproduced over 
the longer term, with the loss of mass (mostly SO,) about 
the same in each case when the same zero air purge is 
used; 
4. small amounts of NO, are lost through zero air purge, 
indicating a small amount (9.7%) of NO, is loosely bound 
(physisorbed) under these conditions. 

EPR measurements of spin density, the principles of which are 
discussed in our first symposium paper (8). have been carried 
out on this system as well, and the results are summarized in 
Figure 5. The decrease in corrected normalized integral ( C N I )  
of soot’s EPR signal with the pressure of paramagnetic NO2 is 
evident as is the lack of effect of diamagnetic SO,. When 
experiments in which SO, adsorption is followed by NOz adsorption 
and vice-versa are carried out, there clearly is no effect of 
the presence of SO, on the interaction of NO, with the unpaired 
electrons of soot. These data are consistent with the 
displacement of some adsorbed SO, by NO,, however, as indicated 
by the microgravimetric data of Figure 4. This does not account 
for any presence of 0, in zero air and its occupation of free 
radical sites, which would be reflected microgravimetrically in 
changes in capacity for SO, under some conditions. 

Separate experiments have shown that eoot treated with 140 torr 
NO1, resulting in a reduction of CNI from 1.62 x io7 to 0.61 x 
lo’, undergoes an increase of 10% in unpaired spins upon exposure 
to air. Evacuation at lod torr further increases the C N I  to 
1.05 x 10’ while the addition of air returns it to 0 .61  x lo7 ,  
the cycle continuing to change the epin density of carbon in 
this manner. It appears that Oz does compete effectively with 
the small physisorbed fraction (-10%) of adsorbed NO, for 
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unpaired electron sites. 
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NO Adsorption 
The FT-IR evidence presented for the lack of NO reactivity with 
soot at ambient temperatures (3) is supported by EPR studies of 
NO and NO + Oz adsorption. Figure 6 shows the effects of 0, and 
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Ruu* mn. 
Figure 6. Weas of oxidants on lhe nonaliied integral of soot. 

NO adsorption on the CNI of soot beyond a linear range below 50 
torr to pressures of nearly 170 torr. The similar but elightly 
lesser effect of NO on spin density, as compared with that of 0,. 
forms the basis for the experiments summarized in Figure 7. 
Exposure of the soot to air following adsorption of NO at 8 and 
62 torr shows the effect on CNI expected below and at j or above 
surface saturation by NO, respectively. The surprising effect is 
the more complete removal of paramagnetic species NO + 4 to 
yield a higher CNI than the initial. This coneistent result 
shows NO-assisted removal of that 4 still remaining on the soot 
surface following the initial evacuation and mild thermal 
treatment. It is to be contrasted with the similar experiment 
with N q  described above. NO apparently is reversibly adsorbed 
and, probably through formation of a complex (or reaction) with 
pore 02, even raises the spin density of the soot though its 
evacuation. 
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INTRODUCTION 

Elementary sulfur can be recovered from Sa-containing gas by a gasification reaction 
between carbon and S a .  Limited studies on the reaction of coal with S0-r have been reported'). 
2). Works on the mechanism of gasification of coal chars with oxygen-containing gases such as 
a, HzO, COZ have been carried out for a long time. Recently, many temperature-programed 
desorption (TPD) studies on the surface complexes formed by the chemisorption of oxygen- 
containing gases on carbon have been performed, because the technique is very useful to evaluate 
the surface active sites in detail. We already investigated the effects of coal type, mineral matter 
and catalyst addition on the SCh gasification rate of coal chad) .  In this study, nine coal chars 
derived from coals ranging from brown coal to anthracite, three demineralized coal chars and 
catalyst-loaded coal chars were chemisorbed with SOZ TPD patterns of samples were obtained 
and the relationship between the reactivities of chars and the TPD patterns was discussed. The 
comparison of TPD pattern of Sa-chemisorbed char with that of &-chemisorbed char was also 
performed. 

EXPERIMENTAL 

Sample 

Nine coals were used in this study. Carbon contents of nine coals are as follows; Loy Yang 
(LY) 65.1, Yalloum (YL) 66.1, Morwell (MW) 67.9, Sufco (SF) 73.9, Taiheiyo (TH) 77.0, 
Leopold (LP) 79.9, Liddell (LD) 83.5, Smokyriver (SR) 90.6, Kuznetsky (KN) 90.7 (wt%, 
daf). The analyses of these coals have been described elsewhere3). The particle size of coal was 
32-60 mesh. To examine the effect of the inherent mineral matter on the reactivity and TPD 
pattern of char, YL, MW and TH coals were treated with a dilute HCI solution for 2 h. 

Method of catalyst addition 

Yallourn coal, Australian brown coal, was used for catalytic gasification experiments. 
Potassium carbonate, sodium hydroxide, calcium hydroxide, magnesium hydroxide and iron 
nitrate were used as the starting materials for catalyst impregnation. Yallourn coal treated with a 
dilute HCI solution was impregnated with an aqueous solution of catalyst salt and dried at 107OC 
The metal to coal ratio was ranged from 1: 10 to 1200 by weight. 

Reactivity measurement 

The gasification reaction was conducted in a thermo-balance (Shinku-Riko, TGD-7000). 
The temperature was raised to the gasification temperature at a rate of 60 W m i n  after evacuation 
and substitution with nitrogen gas. After a stationary condition was established, S a - N z  gas 
(So2 concen~ation:5.2vol%) was introduced and the gasification of char was initiated. The 
isothermal reaction was allowed to continue for 2 - 10 h. 

TPD experiment 

TPD experiments were carried out in a fixed bed reactor with gas analysis systems. About 
lO%g of coal sample was placed in the fixed bed reactor and heated up to 950°C at a heating rate 
of 60"Umin with flowing Ar gas. The devolatilization of sample was allowed to continue for 
30min. Then, two kinds of chemisorption procedures were performed as follows. Procedure 1: 
samples were cooled down to 150°C and then exposed to either So2 (5.2vol%) or 0 2  (ZOvolS) 
for 6Omin. Procedure 2: the sample was cooled down to 800°C. Then, SO2 gas was introduced 
in the reactor and the sample was coded down to 5oo'C at a cooling rate of h0"Clrnin with 
flowing S W A r  gas. During the adsorption stage, a part of char (less than 10% of conversion) 
Was gasified. After evacuation and substitution with Ar gas, the samples were heated up to 900°C 
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or 950°C at a heating rate of 5"Urnin or 10'Clmin under Ar flow. The gases desorbed during the 
heat-treatment were continuously analysed with quadrupole mass spectrometer (Nichiden Anelva 
AQA-200) and the total amounts of CO and C& gases evolved were analysed with a gas 
chromatography and IR gas analysers. 

RESULTS AND DISCUSSION 

TPD patterns of SOz- and Oz-chemisorbed MW chars 

The TPD patterns of SOz- and &-chemisorbed MW char prepared by procedure 1 are shown 
in Figures 1 and 2. The TPD panern strongly depended on the type of adsorbed gas. A broad 
desorption of C& for Oz-chemisorbed char was obtained in the range from 150°C to 650°C as 
previously reported by Zhang 
SOz-sorbed char appeared at around 700°C. Relatively broad desorption of CO for &-sorbed 
char was observed, while CO gas was evolved at higher temperature mnge for SOz-sorbed char. 
It is noteworthy that no desorptions of both Cch and CO for SOz-sorbed char were detected at a 
low temperature range below 450°C. 

et al.4). On the other hand, a sharp desorption peak of COz for 

Reactivit ies and TPD patterns of r a w  coal chars 

Figure 3 shows TG curves obtained for nine coal chars. The sample weight gradually 
increased in the earlier gasification stage, and then decreased. The increase in weight may be due 
to the adsorption of SOz gas to char surface and to the reaction between mineral matter in char and 
SOz. The weight decrease is due to the SOZ gasification of coal char. The reactivity and the 
gasification profile strongly depended on coal type. The reactivities of chars derived from coals 
with carbon content >80 wt% were small and those of lower-rank coal chars were high and 
widely spread. These results are quite similar to those obtained in the study on the steam 
gasification of mal chars3. The TPD patterns for nine coal chars prepared by procedure 2 were 
obtained. Four examples are shown in Figure 4. The TPD pattern depended on the coal type. A 
large and sharp Cch peak at around 700°C for MW char and Y L char was observed. TH char 
gave a small COz peak. Little COz gas desorption for LP char was obtained. The TPD patterns 
for higher rank coal chars such as KN, SR and LD were quite similar to that of LP char. A broad 
desorption of CO was observed for all coal chars examined. The correlation between the 
reactivity and the amount of gases desorbed was examined. It was found that the amount of CO 
desorbed shows a good correlation with the gasification reactivity. 

Effect of mineral  matter on reactivity and TPD pattern 

The effect of acid treatment on the reactivity and TPD profile was examined. The results are 
shown in Figures 5 and 6. Extraction of coal samples with HCl solution caused appreciable 
decrease in gasification rate, almost complete disappearance of Cch desorption peak and 
considerable decrease in CO desorption peak. Ratcliffe et al. have reported that acid treatments of 
lignite caused a decrease in SOz gasification rate of char'). It is well known that exchangeable 
cations such as Na and Ca show high activity for steam gasification of low rank coal chars%. The 
decreases in the rate and the amount of gases desorbed may be due to the removal of catalyst 
metals in mineral matter. 

Effect  of catalyst addition on reactivity and TPD pattern 

The effect of catalyst addition on the reactivity and TPD pattern was investigated (Figures 7 
and 8). The gasification profile and TPD pattern was strongly affected by the catalyst addition. 
The addition of alkaline metals such as K and Na enormously enhanced not only the gasification 
rate but also the amount of gases desorbed. Relatively sharp desorption peaks of COz and CO for 
alkaline metal-loaded chars were observed at around 780°C and 830°C. respectively. Both the 
reactivity and the amount of gases evolved depended on the potassium loading (Figures 7 and 9). 
In the case of Ca catalyst, although the COz desorption peak at 700°C was increased, the 
effectiveness of Caas  catalysts for SOz gasification of char was quite small. The results show 
that all COz evolved are not responsible for the gasification rate. XRD measurements of Ca- 
loaded char showed that Ca catalyst was gradually transformed to Cas during SOz gasification of 
char. The TPD results obtained in this study give the information of initial reactivity of Ca-loaded 
char. Further investigations are needed to reveal the relationship among the TPD pattern of Ca- 
loaded char, the activity and chemical form of Ca catalyst. 
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CONCLUSIONS 

The TPD pattern of coal chars chemisorbed with SO2 gas were determined. The TPD pattern 
depended on the coal type, mineral matter and catalyst type. Alkaline metals such as Na and K 
enormously enhanced the gasification rate and the amount of COz and CO evolved. A relatively 
good correlation was obtained between the reactivity of char and the amount of CO gas desorbed 
during TPD. 
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INTRODUCTION 

There are a nnmber of research gronps cnrrently involved in the development of novel carbon-based 
processes and materials for removal of SO, ftom coal combnstion floe gas [l-161. The type of carbon 
wed more often than not dictates the economic viability of a given process. A high qMuty carbon 
adsorbent for SO, removal shonld have a high adsorption capacity, rapid adsorption kinetics, low 
reactivity with oxygen, minimal loss of activity after regeneration, low pressure drop, high mechanical 
strength, and low cost. The objective of this study [17-231 has been to produce activated char from 
Ulinois coal with optimal SO, removal properties, and to gain a better understanding of SO, removal 
by carbon. 

The reaction of SO2 wiih carbon in the presence of Oz and H,O at relatively low temperatures (80- 
150°C) involves a series of reactions that leads to the formation of sulfuric acid as the final prodnct. 
The overall reaction is SO, + u2 0, + H,O + C --> C-H,SO,. Most studies that have sought to 
m a g i m i  the SO, removal capabilities of a carbon only assume a certain mechanism for SO, 
adsorption and conversion to H,SO, is operable. In the literature [l-5,8,10,24], the following reaction 
sequence has nsnaUy been presented before beginning any discnssion on SO, removal by carbon. 

c + so, -> c-so, 
c + u2 0, -> c-0 
C + H,O -> C-H,O 
C-SO, + C-0 + C-HZ0 ---> C-HZSOI 

It implies that SO, 0, and H,O are all adsorbed on the surface of the carbon in close enough 
proximity and in the proper steric configuration to react and form E,SO,. A clearer understanding 
of this sequence of reactions wi l l  no doubt lead to the development of activated carbons better suited 
for adsorption of SO, and its conversion to H2S04. In this paper, we examine the effect of snrface 
area and chemisorbed oxygen on the SO, adsorption capabilities of chars prepared from a bituminous 
coal. Using temperature programmed desorption, we titrate the carbon sites responsible for 
adsorption of SO, and its conversion to H,SO,, and based on the experimental results, we propose 
a more detailed mechanism for SO, removal by carbon. 

EXPERIMENTAL 

Activated chars were prepared from a sample of Illinois Colchester (No. 2) hvC bituminous coal 
(IBC-102) obtained from the Illinois Basin Coal Sample Program. A 2 in. ID batch, flnidized-bed 
reactor was nsed to pyrolyze 200 g of 48x100 mesh coal (Na 900T, 0.5 h) and activate the resnltant 
char (H,O, 8 6 W ,  30% conversion). The steam activated char was treated with nitric acid (10 M 
HNO, 8- 2 h) to modify its pore strncture and surface chemistry. The €iN03-treated char was 
heated in nitrogen to varions temperatures (200-925°C) and held there for 1 h to desorb carbon- 
oxygen (C-0) complexes formed dnring the HNO, treatment. A commercial activated carbon (Calgon 
F400) was also studied. SO, adsorption capacities of prepared carbons were determined by 
thermogravimetric analysis nsing a simnlated flue gas containing 2500 ppm SO, 5% 0, and 7% H,O. 
Temperature programmed desorption (TPD) experiments (N, 25-10OO0C, 5"C/min, 1 h at 1000°C) 
were performed to determine the amount of oxygen adsorbed on the char snrface. Further details of 
the experimental equipment and procedures nsed in this study are provided elsewhere 119-211. 

RESULTS AND DISCUSSION 

Table 1 shows how poor the correlation is when SO, adsorption capacities of chars are normalized 
with respect to their snrhce areas or oxygen contents. It is interesting to note that the steam 
activated IBC-102 char (H,O, 860°C) and untreated Calgon F400 carbon have comparable SO, 
adsorption capacities despite a large difference in N, BET (77 K) surface area; their CO, BET (195 
K) snrface areas seem to correlate better with SO, adsorption capacity. Table 1 also shows that the 
SO, adsorption capacity of the nitric acid treated, thermally desorbed chars increases with increasing 
thermal desorption temperature. A similar effect of heat treatment (at 8OO0C) on tbe SO, adsorption 
capacity of polyacrylonitrile-based activated carbon fibers was recently reported by Mochida and his 
research gronp [7,11,12], and attribnted to an increase in the nnmber of active sites generated by the 
evolution of CO and CO, dnring decomposition of C-0 functional groups. Davini [25,26] ascribed 
enhanced SO, adsorption on oxidized activated carbon to the presence of basic C-0 gronps on tbe 
carbon snrface. Most recently, Kim et al. [13] and Fei et al. [14] proposed that the inherent nitrogen 
in polyacronitrile and shale oil derived activated carbon fibers, respectively, increases their catalytic 
activity for SO, adsorption and conversion to H,SO,. 

The TPD profiles of thermally desorbed, nitric acid treated IBC-102 chars shown in Figure 1 indicate 
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that the absence of oxygen on the carbon surface results in a char with highest SO, adsorption 
capacity (e.g., HNOr92S0C char). Apparently, carbon atoms, which are,not tied up by an adsorbed 
oxygen atom, have valence electrons that are more available, and are more reactive towards SO, 

is well known that once carbon is evolved as CO or CO, during carbon gasitication, a new carbon 
atom of equal or greater reactivity wil l  be exposed. These newly exposed carbon atoms, coined 
nascent sites by P h i p s  et al. [27], in many cases define the surface chemistry of a carbon [28,29]. 
It is these nascent sites, made active by the thermal desorption treatment a t  92S°C, that we believe 
are responsible for enhanced SO, adsorption on the ENO3-925'C char. Nitric acid, beiig a very 
strong oxidant, oxidizes the surface of the carbon so that even carbon atoms that would otherwise not 
react with the oxygen in air are oxidized. Upon thermal desorption treatment, a once relatively 
unreactive carbon atom is released as CO or CO, leaving behind a carbon atom which is then primed 
to react with SO,. The evolution of CO or CO, also serves to activate the pore struelure thereby 
widening the pores making them more accessible to resetant gases; this could also increase SO, 
adsorption. A parallel study with activated carbon fibers (ACF) in our laboratory [30], however, has 
shown that ACF with smaller pores (9 A) and lower surface areas (600 m'/g) actually adsorb more 
SO, than higher surface area ACF (1900 mz/g) having larger pores (18 A). This increase in SO, 
adsorption for low surface ares fibers is presumably due to enhanced adsorbent-adsorbate 
interactions caused by the smaller average pore size [31]. 

adsorption. We, therefore, postulate that the unoccupied or free sites contml the uptake of SO,. It I 

To test our hypothesis that free sites are primarily responsible for SO, adsorption, the TPD profiles 
of the nitric acid treated, tbermally desorbed IBC-102 chars of Figure 1 were utilized. We debed  
tbe free sites for this series of chars as beiig those sites that were once occupied by oxygen because 
of nitric acid treatment, but now, because of the thermal desorption treatment, had become 
unoccupied or b. To quantify the CO free sites for a given char, say, the HN0,-72S°C char, we 
subtracted its CO evolution profile from the one of the original nitric acid treated char (Figure 2). 
The unshaded region in Figure 2 represents the number of free sites that are created by CO evolution 
during the thermal desorption treatment a t  725°C. Table 2 lists the number of both the CO and CO, 
free sites calculated for each of the nitric acid thermally desorbed IBC-102 chars. The last two 
columns show the SO, adsorption capacities normalized with respect to the CO and CO, free sites. 
The SO, adsorption capacity is seen to vary by a factor of 1.6 and 2.8 when normalized with respect 
to CO and CO, free sites, respectively. This is an excellent correlation compared to those we fonnd 
for surface area or adsorbed oxygen (Table 1). To the best of our knowledge, this type of quantitative 
approach has never before been used to explain SO, removal by carbon. The concept of free or 
unoccupied sites was first postulated and utilized by b i n e  et al. [32] to explain tbe gasification 
reactivity of carbon in oxygen. Our new approach for analyzing TPD data shows that it may be 
possible to titrate directly the free sites responsible for SO, adsorption and conversion to H,SO,. A 
slight variation in this same approach could be used to explain resnlts in other studies that have 
examined SO, removal by carbon. For example, Davini [2S,26] found that the SO, adsorption 
capacity qf a commercial grade carbon increased with an increase in activation temperature. The 
activation conditions he used ranged from 300°C in air to 800°C in 2% 0,. Char gasification 
reactivity studies have shown that less oxygen will adsorb on the carbon surface at higher 
temperatures and in lower pressures of an oxidizing gas [28,33,34]. The higher temperature used by 
Davini during activation is likely to have deposited less oxygen on the carbon surface, thus preserving 
more free sites for reaction with SO,. In  fact, further analysis of his SO, and 0, adsorption data [26] 
using our concept of free sites shows that the SO, adsorption capacities of two groups of carbons that 
each varied by more than a factor of three, could be made to vary by less than a factor of 1.2 when 
normalized to the total number of free sites. 

This procedure for assessing free adsorption sites was also applied to the Calgon F400 carbon (also 
a steam activated bituminons coal char). Table 2 shows that there was no significant improvement 
ip the SO, capacity of this carbon with our nitric acid, thermal desorption treatment, perhaps because 
its pore structure was already optimized for adsorption of contaminants. Table 2 shows that the SO, 
adsorption capacity of the Calgon F400 carbons normalized with respect to the number of CO and 
CO, free sites also varies by less than a factor of 2 and 3, respectively. It is interesting to note the 
almost one to one ratio of SO, adsorption capacity to CO free sites for both the IBC-102 and Calgon 
F400 carbons. 

Based on these experimental results, we propose the following sequence of reactions to explain the 
mecbanism of SO, removal by carbon. 

0, Chemisorption 0, + 2 c - >  2 c-0 
SO, Adsorption so, + c -> c-so, 
SO, Oxidation 
SO, Oxidation 
SO, Oxidation 

H,SO, Formation 
Regeneration 

c-so, + 0, + c -> c-so, + c-0 
c-so, + c-0 --> c-so, + c 
so, + c-0 -> c-so, 

C-H,SO, ----> H,SO, + c 
C-SO3 + HZO -> C-HZSO, 

/ 

Adsorption of SO, and 0, occurs in parallel on the free carbon active sites (denoted by C). Molecnlar 
oxygen dissociates on two free sites to form a pair of C-0 complexes. SO, competes with 0, for free 
sites. The reaction of oxygen with carbon produces a stable C-0 complex, which apparently inhibits 
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SO1 adsorption. The next step ki the oxidation of SO, to SO, Conceivably, three reactions are 
possible. The C-SO, complex can react d&ly witb molecular oxygen in the vicinity of a free site 
to f ~ r m  a C-SO, intermediate and stable C-0 complex. SO, oxidation could also be awmpllshed 
by the reaction of either the C-SO, complex or SO, with the C-0 complex. However, the occurreuce 
of these two reactions is less likely since we ohserved an inverse correlation between SO, adsorption 
and stahle G O  complex. The conversion of stable C-0 complex into a reactive C(0) intermediate, 
as proposed in recent carbon gasiiication studies [3336], may also influence SO, adsorption and 
conversion to HZSO, [19]. 

According to the SO, removal mechanism often presented in the literature (see Introduction), one 
could assume that the more oxygen adsorbed on the carbon surface, the more SO, wi l l  be adsorbed. 
In this study, we have seen that the formation of stable C-0 complex during char preparation serves 
only to occnpy otherwise reactive &ee adsorption sites, and that the C-0  complex probably is not an 
essential reaction intermediate in the conversion of SO, to H,S04. It  may also be that our TPD 
method did not fitrate those C-0 complexes responsible for catalytic oxidation of SO2 to SO3 and 
that a fleeting C(0) complex, formed contemporaneously with SO, adsorption and/or by 
transformation of stable complex into reactive intermediate, acts as the "catalyst." Isotope labelling 
studies could be nsefhl in determining if snch an intermediate exists [37]. Another question is 
whether SO, removal would occur if there was no oxygen in the flue gas and/or adsorbed on the 
carbon surface. This was resolved by using two of the IBC-102 chars, one with some adsorbed oxygen 
(HNOr525"C) and one with essentially no adsorbed oxygen (BN03-9250C). Figure 3 shows that, with 
5% 0, in the floe gas, the HNO3-925T char adsorbs the most SO,. With no oxygen in the flue gas, 
this char still adsorbs SO, but in this case, i t  is not converting C-SO, to H,SO, due to a lack of 
oxygen. SO, adsorption is enhanced for both chars when oxygen is present in the flue gas (compare 
0 and 5% 0, plots in Figure 3). The adsorption of SO, on a bee site is seen to account for nearly 
50% of the weight gain for both chars. This data seems to support the 6rst SO, oxidation 
mechanism, Le., the one involving the reaction of adsorbed SO, with 0, and a free site to form C-S03. 

Hartman and Conghlin [38] found the catalytic oxidation of SO, to SO, by carbon to he the rate 
determining step in tbe overall reaction. If the rate determining step is, indeed, catalytic oxidation 
of SO, to SO,, and assuming that the 6rst SO, oxidation reaction is operable, the overall rate of 
reaction could be expressed as 

rate = kz [C] [C-SO,] [OJ 

where k, is a fbndarnental rate constant. The onknowns in this expression are kz and the 
concentration of C-SO, complex. At steady state, the rates of each of the reactions in the mechanism 
presented above are equal to that of the rate determining step, and by definition, the concentration 
of each of the intermediate species does not change with time. Thus, 

d[C-SO,] 
I-- - 0 = k1 [C] [SOJ - kz [C] [C-SO,] IO,] 

dt 

Solving for [C-SOJ, 

and substituting this into tbe rate expression, 

rate = kl [C] [SO$ 

where n is the order of reaction with respect to SO,. The rate is then only a function of the 
concentration of he sites and the partial pmsure of SO, a departure from the more elaborate rate 
expressions reeently proposed by otbers (see, for example, rets. [2] and [24]). For concentrations of 
SO, less than 1500 ppm, we found values of n between 0.5 and 1, and for concentrations of SO, 
greater than 1500 ppm, the value of n approached zero (Figure 4). Nevertheless, at a constant partial 
pressure of SO, the rate of SO, adsorption and conversion to H,SO, should be directly proportional 
to the number of free adsorption sites as confirmed by our TPD experiments. I t  remains to be 
determined whether this TPD method can be applied to adsorption of other contaminants in flue gas. 
If so, it could facilitate preparation of activated char optimized for removal of SO, as well as other 
air toxies (e.g., nitrogen oxides, mercury) from combustion flue gas. Recent studies suggest that 
adsorption of NO, and reduction to N, is more or less controlled by free sites on the carbon surface 
[3941]. 

In the above mechanism, the C-SO, intermediate reacts witb water to form suffiric acid. The &e 
site retoms to its original state after regeneration. The water adsorbed in the pores may act as a 
regeneration medium. The acid adsorbed on the carbon surface will be continuously removed by a 
reservoir of water adsorbed in the pores. As the acid goes into solution, the he site once again 
becomes reactive towards SO, adsorption. Thus, the site can undergo numerous cycles of 
adsorption/desorption without any external means of regeneration. The production of H,SO, proceeds 
indehitely until water adsorbed in the pores hecomes saturated with H,SO, and/or the fhe sites 

203 



become occnpied with oxygen, at which point the spent carbon needs to be regenerated, e.&, thermal 
treatment or flushing with water or dilute acid. (The latter treatment wi l l  not remove any of the C-0 
complex). Thus, it can be expected tbat the amount of water retained in the pore volnme of the 
carbon should determine its equilibrium SO, adsorption capacity, which may require more than 40 
h to attain (Figure 4); whereas, the rate (or kinetics) of SOz adsorption, say, in the first 6 h of 
adsorption, will be controlled by the number of h e  sites. In an earlier paper, Jungten and Kohl [3] 
hypothesized that the active sites would control the rate of SOz adsorption, bot this was never verified 
experimentally. The observed increase in the SOz adsorption capacity of nitric acid treated chars with 
increasing thermal desorption temperature is probably doe to both an incrense in the concentration 
of free active sites and in the accessible pore volume of the char. The latter leads to a greater 
reservoir for storage of dissolved E,SO, and an increased ability to regenerate the active sites for 
additional SO, adsorption. 

CONCLUSIONS 

In this stndy, we found tbe SOz adsorption capacity of a coal char to be inversely proportional to the 
amount of oxygen adsorbed on its surface. Temperature programmed desorption was used to tihate 
those sites responsible for adsorption of SOz and conversion to HzSO,. Based on these results, a 
detailed mechanism for SO2 removal by carbon was proposed. The derived rate expression shows SO, 
adsorption to be dependent only on a fundamental rate constant and concentration of carbon atoms 
we designate as free sites. The results obtained here are analogous to those of a recent study [33] 
which foond that a simiiar relationship exists between the specific rate (RJ of carbon gasification 
in carbon dioxide and the number of reactive sites measured initially by transient kinetics (TK) 
experiments and later confirmed by TF'D, Le., R, = k [C]. In that study, TK and TPD were used 
to titrate those occupied sites or  C(0) intermediates responsible for controlling the rate determining 
desorption step in CO, gasi6cation of carbon. The results of both studies seem to support a nnifed 
approach to the reactions between carbon and oxygensontaining gases, as most recently proposed by 
Chen [42] and Mouwn and Kapteun [43]. 
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Table 1. Correlation of SO, adsorption capacity with surface area and adsorbed oxygen. 

Calgon F404 HNO, .-.I ..-a -..a ..-$ .-.a 15.7 ..-a I 
Caigon F400, HNO, Looy: 46 600 --.' a m  ...a 14.3 0.32 
Calgon F404 HNO, 5ZSC 117 456 -.-a 0.26 ...a 5.6 2.09 
Caigon F440, HNO, 729C 156 su ..-a 0.29 .-.a 3.4 4.59 

214 463 -2 0.46 -2 1.7 12.6 

' SO, capcily determined after 6 h 

Table 2. Correlation of SO, adsorption capacity with free ad 

not determined. 

I Sample 1 SO, IAdsorbedlCO/CO,ICO lree 

, -  

IBC-102, UNO, 525% 0.142 1.84 6.7 137 
IBC-102, HNO, 72PC 0376 0.50 12.8 335 
IBC-102, UNO, 92S'C 0.448 0.16 --' 3.90 
Calgon F400, HNO, -I 4.91 1.4 0 
Calgon F400, HNO, 200'C 0.072 4.47 0.8 0.86 
Calgon F400, HNO, 525'C 0.183 1.75 7.6 1.28 
Calgon F400, HNO, 725°C 0.244 1.06 5.5 2.26 
Calgon F400, HNO, 92S'C 0334 O S 3  5.4 3.28 

orption 
cot frel 
sited3 

0 
2.59 
2.94 
3.01 

0 
0.34 
2.52 
2.56 

. 2.75 

- 

= 
- 
- 
- 
- 
- 
- 
- 
- - 

iites. 71 
0.84 

1.08 0.95 
1.02 

' moleskg char. 
' calcnlnted.assnming that 1 chemisorbed 0, cvolved as 2 CO during TPD is equivalent to 2 CO free si ts ,  and 1 

' CO1 concentration below detectable limits. 

chemisorbed 0, evolved as 1 CO, is equivalent to 1 C02 fm site 
not determined. 
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CHARACTERIZING RATE INHIBITION IN H,O/H, GASIFICATION VIA 
MEASUREMENT OF ADSORBED HYDROGEN CONCENTRATION 
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INTRODUCTION 

Gasification of coal for fuels production is not currently used on a wide scale because 
extreme conditions are needed to achieve reasonably fast reaction rates. One reason for 
these extreme conditions is the inhibition of gasification by hydrogen in the reacting gas 
phase. For example, gasification rate decreases by an order of magnitude with the 
addition of only 1 ppm hydrogen to steam [l], and rate has been shown to decline 
significantly with conversion in hydrogen and steamhydrogen mixtures [2,3]. Hydrogen 
dissociatively chemisorbed onto carbon is very stable, generally accepted as dissociative 
in nature, and requires temperatures approaching 1800 K to completely desorb [4]. 

The three possible modes of hydrogen inhibition in steam gasification are as follows 131: 

Reverse oxygen exchange: (1) 

Dissociative hydrogen adsorption: C, + WH, - C(H) (2) 

Associative hydrogen adsorption: C, + H, - C(H), (3) 

C(0) + H, - C, + H,O 

Selection of any of the possible inhibition modes gives the following basic rate expression 
1351: 

Dissociative adsorption gives a value of 0.5 for n [3], which has been found to be the case 
for low hydrogen pressures [6] and subatmospheric steam pressures [7]. Reverse oxygen 
exchange and associative hydrogen adsorption both give values of one for n, as reported 
in earlier studies [5,8,9]. Associative adsorption has been found to contribute to inhibition 
at higher pressures, but dissociatively bound hydrogen still dominates char surfaces [IO]. 

EXPERIMENTAL 

A char of Dow Saran Resin (MA 127) was prepared in a quartz tube reactor at 1173 K in 
flowing nitrogen for 0.5 hr., ground and sieved to -60+100 mesh, then annealed in an 
alumina reactor at 5 Wmin to 1773 K in flowing argon for 6 hr. 

Chars were gasified inside a quartz lined Inconel625 differential packed bed microreactor 
which was housed inside a larger pressure vessel capable of simultaneous operation at 
1273 K and 6.6 MPa. The entire system was designed to have absolute minimal internal 
volume to facilitate accurate measurement of transient species. After gasification in 40% 
steam and various proportions of argon and hydrogen at 1123 K and pressures ranging 
from 0.3 to 3.3 MPa, rapid switching to pure argon was done and transients monitored. 
The inherent system transient response was accounted for by using 1% krypton as a 
tracer in the reactant gas argon. 

After gasification, chars were removed, weighed, and placed inside the alumina reactor for 
temperature programmed desorption (TPD) to measure the quant i  of adsorbed hydrogen. 
Samples were outgassed in argon at 10 Wmin to 1773 K in a Mellen spli tube furnace with 
a programmable temperature controller. Effluent species from both reactors were 
analyzed with an Ametek MlOOM Quadrupole Mass Spectrometer, which is interfaced with 
a personal computer for data collection and deconvolution. 

RESULTS 

Figures 1 and '2 show rate curves for steamhydrogen gasitication of annealed Saran char 
at 1.0 MPa and 3.1 MPa total pressure, 1123 K. 40% steam, and varying concentrations 
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of hydrogen balanced with argon. The CO + COP formation rate is independent of steam 
partial pressure at these conditions when no hydrogen is present in the reactant gas, and 
hydrogen inhibition of CO + CO, formation is clearly observable with increasing hydrogen 
partial pressure. Methane formation rate is approximately first order in hydrogen partial 
pressure and independent of steam partial pressure. A decline in rate is also observed 
over the first 1 % conversion when hydrogen is present in the reactant gas for both CO + 
CO, formation and methane formation; this decline becomes more pronounced under 
higher hydrogen partial pressures. In the most extreme case, CO + CO, formation rate 
approaches zero at 1.0 MPa total pressure and 0.6 MPa hydrogen partial pressure. All 
rate curves gradually increase with conversion afler the first l%, which follows the 
increase in char surface area, Figure 3 shows char surface areas as determined by N, 
BET analysis, indicating a very highly porous material is formed with conversion. 

Figure 4 shows adsorbed hydrogen on a per unit weight basis as a function of char 
conversion following gasification. Surprisingly, adsorbed hydrogen concentration is only 
a function of conversion and not reactant gas composition. There appears to be two zones 
of adsorption behavior. The first is an initial rapid adsorption to almost 30 ccH,(STP)/g up 
to 1% conversion, and the second is a more gradual but steady increase in adsorbed 
hydrogen to 100 ccHJg at 70% conversion. The hydrogen peak maximum is at 1500 K 
during TPD, indicating that hydrogen is dissociatively adsorbed on the char surface. 

Figure 5 shows adsorbed hydrogen concentration following gasification on a per unit area 
basis. The increase in adsorbed hydrogen with conversion afler the initial rapid adsorption 
stage is partially accounted for by the increase in char surface area with conversion; 
however, the gradual increase in adsorbed hydrogen concentration per unit area indicates 
that hydrogen continues to adsorb onto the char throughout the entire course of 
gasification. 

Figure 6 shows CO + CO, formation rate during a reaction in which hydrogen fraction of 
the reactant gas is cycled between 0% and 60%. A rate curve from a steam only 
gasification has been included for reference. Rate reversibly changes from a value close 
to that of the reference curve to a very low value as hydrogen is added and excluded from 
the reactant gas. This indicates that steady state rate is only a function of reactant gas 
composition. 

DISCUSSION 

Our results support both reverse oxygen exchange and dissociative hydrogen adsorption 
as modes of inhibition in steamlhydrogen gasification of chars, with reverse oxygen 
exchange acting throughout the course of reaction and dissociative hydrogen adsorption 
inhibiting rate only upon initial exposure to hydrogen. Temperature programmed 
desorption studies show that dissociative hydrogen adsorption occurs throughout 
gasification, most rapidly during the first 1% conversion. There may be a relationship 
between this initial rapid adsorption and the rate decline over the same initial 1% 
conversion for chars exposed to hydrogen-containing reactant gases; however, the same 
initial rapid hydrogen adsorption is not accompanied by a decline in rate when there is no 
hydrogen present in the reactant gas. Conversion beyond the first 1% is also marked by 
an increase in adsorbed hydrogen, albeit much less rapidly, but not by a decline in rate. 
Step changes in reactant gas compositions result in gasification rates that reach steady- 
states which are similar to those achieved with unchanging reactant gas compositions. 

This leads to the conclusion that, at high conversions pl%) the adsorbing hydrogen does 
not compete for the same active sites at which gasification occurs. If the dissociative 
hydrogen adsorption measured by TPD has blocked sites active in gasification, the 
increase in surface hydrogen concentration would lead to a corresponding decrease in the 
total number of active sites and thus a decrease in gasification rate regardless of reactant 
gas composition. This does not occur. 

At low conversion, however, dissociative hydrogen adsorption may play a role, At high 
hydrogen partial pressures, reverse oxygen exchange cannot be solely responsible for 
hydrogen inhibition because it is driven by hydrogen partial pressure which is not changing 
during the initial rapid decline in rate. It appears that dissociative hydrogen adsorption 
contributes to rate inhibition by competing with oxygen exchange for active sites. Upon 
initial exposure of the char to a reactant gas with a high hydrogen partial pressure, a 
greater proportion of active sites become blocked with dissociatively adsorbed hydrogen 
over the course of 1 X conversion. Once the rapid transient adsorption is complete, an 

207 



equilibrium is established in which there are fewer active sites and steady-state rate is 
achieved. 

The fact that methane formation rate is approximately first order in hydrogen partial 
pressure may appear to be contradictory to a reduction in the number of active sites upon 
an increase in hydrogen partial pressure; however, the mode by which methane is formed 
makes a higher steady state rate with fewer active sites possible. Both CO + CO, and 
methane formation rates decrease simultaneously over 1 % conversion upon exposure of 
chars to hydrogen, indicating that sites active for both must be affected. Unlike oxygen 
exchange, methane formation must be preceded by hydrogen adsorption, so an 
unsaturated carbon site is not always needed to form methane. Oxidation does require 
an unsaturated site, of which there are fewer under higher hydrogen partial pressure. 

Our findings lead us to conclude that annealed Saran char is covered with two types of 
active sites. The most abundant are those that acquire dissociatively adsorbed hydrogen 
from the gas phase to cover much of the char surface, achieving a bulk HIC ratio as high 
as 0.1 at about 70% conversion. The second type of sites are active for gasification, with 
competition between oxidation and methane formation reactions. Under low hydrogen 
partial pressure the driving force for reverse oxygen exchange is small, as is the driving 
force for methane formation. Thus, C(0) formation at active sites dominates and CO is the 
primary product, with CO, subsequently formed via the shift reaction. As hydrogen partial 
pressure is increased the case is reversed. The reverse oxygen exchange driving force 
is increased as is methane formation. The total number of unsaturated surface carbons 
is reduced over 1 % conversion by adsorbing hydrogen until an equilibrium is reached with 
active site competition. Methane formation includes hydrogen adsorption onto the char 
surface, while oxygen exchange requires unsaturated active sites. The oxygen exchange 
reaction will always have to compete with the methane formation reaction for unsaturated 
active sites, while the methane formation reaction does not have to compete with the 
oxygen exchange reaction since methane formation can occur at sites that have been 
saturated with hydrogen. 

CONCLUSIONS 

Reverse oxygen exchange and dissociative' hydrogen adsorption both inhibit steam 
gasification of annealed Saran char, which is covered with two major types of active sites. 
The first and most abundant type of site dissociatively adsorbs hydrogen throughout the 
course of reaction, and is inactive for gasification. The second type of site is active in 
gasification to form CO and methane, but can become blocked with dissociatively 
adsorbed hydrogen upon exposure to increased hydrogen partial pressure. Reverse 
oxygen exchange, however, always influences CO formation. The total concentration of 
sites which are active towards gasification, as well as the equilibrium at these sites 
between oxidation, methane formation, and site blockage determines char gasification 
rate. 
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INTRODUCTION 
Carbon oxidation has been very thoroughly investigated. It is a reasonably well 

understood heterogeneous gas/solid reaction [1-4]. Yet there are many practical and 
fundamental 'details' that need to be sorted out. There are also some very important 
fundamental issues that are not understood. Others may want to add (or subtract?) 
some issues, but here is our list of key outstanding questions in the C/O2 reaction: 
(a) What is the exact nature of the relation between 'reactive' C(0) intermediates 
and 'stable' C-O complexes on the carbon surface? 
(b) What is the reason for the commonly observed "compensation effect" in both 
uncatalyzed and catalyzed carbon gasification? 
(c) Which structural features of the carbon surface govern the magnitude of the 
CO/CO2 ratio in the products of oxidation and, in particular, how is C02 formed? 
(d) Is it possible that, when carbon is doped with boron, both a catalytic and an 
inhibiting effect can be observed? 

A companion paper presented at this symposium [5] addresses issue (c). The 
present communication deals with issue (d). Reference 6 had roughly the same title 
as this paper, but it ended with a question mark. In the macroscopic world, in 
contrast to the quantum world 171, mutually exclusive phenomena are not 
commonly thought to coexist. So boron is considered to be either an inhibitor or a 
catalyst of carbon oxidation, but not both. Here we provide additional arguments for 
this remarkable influence of boron on the oxidation of a wide range of carbonaceous 
solids (and we thus replace the question mark with an exclamation point). 
Elsewhere [7] we address issues (a) and @); in particular we argue that both the 
elusive concept of the compensation effect and the intriguing balance between 
reactive and stable carbon-oxygen surface complexes may have an analogous 
explanation to the one offered here for the role of boron in carbon oxidation. 

Boron is considered to be one of the very few promising candidates for chemical 
protection of carbon/carbon composite materials against oxidation. Oxidation 
protection is of paramount importance for the use of these strategic materials in 
demanding (e.g., structural) aerospace applications. (Most ceramic coatings have a 
thermal expansion mismatch with carbon and thus develop cracks which lead to 
carbon exposure to high-temperature 02.) The conventional wisdom is that boron 
inhibits carbon oxidation. Its inhibiting effect can be manifested in three different 
ways: (a) Substitutional boron enhances the graphitization of carbon 18-10]. @) As the 
surface carbon atoms are consumed, substitutional boron forms an oxide surface 
film, which acts as an 0 2  diffusion barrier and an active site blocker [9,11-141. (c) 
Substitutional boron redistributes the x electrons in the basal plane (graphene layer), 
lowers the Fermi level of carbon, and hence presumably inhibits the desorption of 
CO and Cop [9,11,14]. This last mode of inhibition is of great fundamental interest; it 
had not been verified in the past. As a consequence of our recent results [6], and 
upon closer examination of some early studies, its closer scrutiny is warranted. We 
provide such a scrutiny in the present communication. 

EXPERIMENTAL 
Three widely differing carbon materials were used: a heat-treated ('graphitized) 

carbon black (Graphon, Cabot Corp.), Saran char (produced by pyrolysis of a 
P V C / P M c  copolymer manufactured by Dow Chemical Co.) and a glassy carbon (a 
phenolic-resin-derived material, Alfa-Aesar). Boron was introduced substitutionally 
into the quasi-graphitic lattice by heating these carbons, physically mixed with boron 
powder (99.999%, Alfa-Aesar) at different levels (1,2 and 5 wt % B), to -2450 OC in Ai 
[6,151. Some loss of boron occurred during this treatment (see Results). 

Isothermal carbon oxidation experiments (-10 mg samples; 1 atm; 21% dry 0 2 ,  
99.994%; 250 cc/min) were performed with these samples in a Mettler TGA. The 
reaction temperature was achieved after heating the sample in Np at 25 'C/min; 
negligible gasification occurred during this nonisothermal period [15]. In selected 
cases, the reactive surface area ( S A )  [161 of the carbons was determined using a 
commercial transient kinetics apparatus (SSITKA 2000, Altamira Instruments). The 
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RESULTS 7 
Figure 1 shows that boron acts as a catalyst of oxidation of glassy carbon. Figure 2 

summarizes the kinetic data (at the same carbon conversion level) for the boron- 
doped polymer-derived carbons. In agreement with the behavior observed for 
boron-doped Graphon [6], boron is Seen to act as a catalyst at low boron loadings and 
as an inhibitor at higher boron loadings. The global activation energy does not seem 
to depend in a consistent way on boron content. It is governed rather by the nature 
of the carbon: as almost invariably reported in the literature, it increases as the 
degree of crystalline perfection of the carbon increases (33B kcal/mol for undoped 

P 
1 

By accepting electrons from the graphene layer (e.g., into unfilled d bands of a 
transition metal), a catalyst is thought to facilitate both 02 adsorption (by increasing 
the C-0 bond strength) and product desorption (by weakening the adjoining C C  
bonds, as illustrated above). 
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Figure 3 shows the x-ray diffraction profiles for undoped and borondoped Saran 
chars. At the highest boron loadings, the signature of enhanced graphitization - 



In contrast to the oxygen-transfer theory [22], the electron-transfer theory of 
catalysis [23] has not found much support in the carbon gasification literature and 
had not been confirmed experimentally. Nevertheless, a recent theoretical shtdy Of 
potassium-catalyzed graphite oxidation [24] does indicate that t h i s  electron-donating 
catalyst lowers the work function of graphite and thus enhances the dissociation 
probability of 0 2  on the surface. This is opposite to the well known electronic effect 
of substitutional boron, which does not contribute electrons to the delocalized s 
system of the graphene layer and lowers the Fermi level of graphite [12]. Boron 
would thus be expected to decrease, to some extent at least, the dissociation 
(chemisorption) probability of 0 2 .  Indeed, Allardice and Walker [12b] concluded that 
boron inhibits the chemisorption of C02 in the C/C02 reaction. 

This redistribution of x electrons in the presence of substitutional boron results 
not in the weakening of C-O bonds and strengthening of C C  bonds (91, but in exactly 
the opposite effect (see figure above): being essentially an electron 'acceptor', as 
discussed above, boron is predicted to induce type (b) distribution of x electrons and 
thus weaken C C  bonds and strengthen C-O bonds. This trend was confirmed by a 
straightforward application of Huckel molecular orbital theory (151. In fact, Allardice 
and Walker [12a] used this argument, together with the observed decrease in the 
activation energy for oxidation of graphite, to anticipate the catalytic effect of 
substitutional boron (even though in their study this effect was masked and 
overwhelmed by the inhibiting effect of 8203). 

Substitutional boron thus emerges as both a catalyst and an inhibitor of carbon 
oxidation. The catalytic effect is clearly observed for the first time; this is attributed to 
the fact that samples possessing relatively high surface areas were used, and the 
catalytic effect was not masked by the ubiquitous inhibiting effect of 8203. The fact 
that boron is a catalyst under conditions favoring desorption control (low 
temperature and high oxygen partial pressure) and inhibitor under conditions 
favoring adsorption control (high temperature and low oxygen partial pressure) is 
quite intriguing. It suggests that this phenomenon is yet another example of the 
well known 'compensation effect', which we tentatively interpreted [7] as a 
'macroscopic complementarity principle': in the presence of substitutional boron 
the turnover frequency for carbon atom removal increases (due to the catalytic effect 
of C-C bond weakening), but the number of reactive sites decreases (due to the 
inhibiting effect on 9 adsorption). The latter point is illustrated in Figure 6. 
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Figure 1. Typical TGA plots for boron-free and boron-doped glassy carbon. 
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kcal/mol; 0 , 3 . 8 %  B,36 kcal/mol. 
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concentrations of boron. 

214 

rl 



1.5 

PP >- 1 a 

1.2 - 
. Catalytic effect 

- Inhibiting effect 

-m- 1.1 % boron 

A : Catalytic effect 

Inhibiting effect 

- 

V 

0 20 40 60 80 100 

Percent Conversion 

Figure 5. Effect of conversion level on the inhibition effect of boron-doped Saran 
char for various levels of initial boron concentration. 
(Ri and & are the reaction rates for doped and undoped samples.) 

2.00 

1.50 

1.00 

0.50 

0.00 

:I: 
- 

- 

- 

- 

' ' ' ' I ' ' ' " ' ' " I ' ' ' ' I . 1 -  '= ' I ' ' ' ' 

-1.1 % boron 
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INTRODUCTION 
Shrinking domestic supplies and larger dependence on foreign sources have made an 
assortment of fossil fuels attractive as possible energy sources. The high sulfur and 
mineral coals of Illinois would be an ideal candidate as possible gasification feedstock. 

Large reserves of coal as fossil fuel source and a projected shortage of natural gas 
(methane) in the US, have made development of technology for commercial production 
of high Btu pipeline gases from coal of interest. Several coal gasification processes 
exist, but incentives remain for the development of processes that would significantly 
increase efficiency and lower cost. A major problem in coakhar gasification is the heat 
required which make the process energy intensive. Hence, there is a need for an 
efficient and thermally neutral gasification process. 

At the present time, natural gas (methane) reserves are sufficient to meet the demands 
but projections indicate a dwindling supply in the future. There is a need to develop an 
economical process for production of methane to ensure a steady supply. Direct 
methanation of high sulfur and mineral coals would not only utilize this important fossil 
fuel feedstock but would also be inexpensive as compared to other energy intensive 
gasification processes. Direct formation of methane in the gasifier would also increase 
the efficiency of the combined cycle power generation plant over that of an integrated 
gasification combined cycle (IGCC) process, producing CO and H, only. 

Catalytic steam methanation of coal is an almost thermoneutral process: 

Steam Gasification, Low-Temperature Catalyst, Binary Catalysts. 

x + 2yO f) cq +q AH = 8kJrrOr’ (1) 

The role of the catalyst in coakarbon gasification has been to reduce the reaction 
temperature and increase the rate of reaction. The main objective of these studies has 
been to improve the production of water gas, producer gas, or hydrogen as sources for 
ammonia production. Most of these works were carried out at lower pressures and 
have little qualitative value in assessing the catalytic effects on coal/char gasification for 
methane production. 

Catalytic gasification of coakarbon has attracted much attention recently. A majority of 
the elements in the periodic table have been tested as potential gasification catalysts 
and a number of leading candidates have been identified. Catalyst that are active at low 
temperatures would favor the process of direct gasification for methane production, 
since low temperature and high pressure favors the formation of methane. 

Various oxides, halides and carbonates of both alkali and alkaline earth metals, along 
with transition metals have been surveyed as possible char gasification catalysts. 
Some of the general conclusions drawn are as follows: 
(1) Catalytic effect decreases with increasing temperature; 
(2) Catalysts are more effective in gasification processes if steam is present in the 

gasification gases; 
(3) There usually is an optimum catalyst loading, beyond which either negligible or 

negative effects are observed; 
(4) Relative effects of catalysts can differ under different reaction conditions; 
(5) Gasification reactivity can be effected significantly by the method /condition of 

catalyst impregnation; and 
(6) Catalyst impregnation is more effective than physical mixing with the carbon. 

Methane cannot be produced by the reaction of C(H), complex with hydrogen, if no 
catalyst is present. Therefore, incentives exist to explore the thermoneutral catalytic 
steam methanation (reaction 1) of coals to produce methane economically and in a 
single reaction. 
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Catalytic effects on gasification of carbon materials have been studied for last several 
decades. The mechanisms of catalytic gasification are still not completely understood 
and are not the same for all catalysts systems and reactions. In general, reactivity of 
catalyzed carbons is at least one order of magnitude higher than those of uncatalyzed 
carbons, A majority of the elements in the periodic table have been tested as potential 
gasification catalysts. The main objective of these studies have been to improve the 
process for production of water gas or producer gas. Outside of the work at Exxon, 
these work, have little qualitative value in assessing the catalytic effects on coakhar 
gasification for production of methane from steam. ' 

Thermodynamically, high pressure and low temperature shift the reaction towards 
methane formation. It was the aim of this research to study the catalytic steam 
gasification of high sulfur, high mineral, agglomerating coals at elevated pressures and 
lower temperatures for production of methane. This research focused mainly on 
prevention of catalyst deactivation and coal char agglomeration. A study of pure 
catalysts was performed at various temperatures (773 to 973 K) and pressures (0.1 to 
3.5 MPa). These catalysts were also used in various combinations to determine any 
synergistic effects on the methanation reaction. At High pressures alkali metals such 
as potassium, kept transition metal catalyst@) reduced, mobile, and activated for longer 
time periods. The alkali metals and Mo also helped in the penetration of transition 
metals and thus provided a better contact with the carbon matrix. 

The ultimate goal of this research was to develop a low temperature sulfur resistant 
catalyst system that would not only be efficient. and economic but would also produce 
methane in a single step. The single-reaction process would eliminate the cost of 
separation, compression and recycling of hydrogen gas. Developing a low temperature 
catalyst system should also help reduce catalyst recycle costs. At low temperature 
operations, interaction of catalyst with the coal mineral phases are less likely. 

BACKGROUND 
The mechanism of gasification is not the same for all the catalysts systems and 
reactions. The catalyst basically works through a redox cycle, and dissociates 
molecular oxygen into atomic oxygen much faster than the uncatalyzed carbon surface. 
It is these mobile oxygen atoms that migrate to the carbon surface, thereby, generating 
oxides of carbon (CO and Cog). This effect is called the m/-overeffect. 

Recently it has been established that oxygen transfer plays a major role in catalysis. 
For transition metal salts (e.g. Fe, Ni) the catalyst oscillates between two oxidation 
states, on the other hand alkali metal salts (e.g. Na, K) during catalysis involve a 
carboxylic, phenolic or a completely reduced structure. 

The catalytic effects of a catalyst system depends on; (i) activation of the catalyst, (ii) 
intrinsic activity of the active species, and (iii) inactivation of the active species [I]. 
During activation of the catalyst the metal salt reacts and decomposes to the elemental 
state or any other intermediate state that is catalytic. The dispersion and adhesion of 
such species on the carbon surface is extremely important. The catalyst looses its 
activity due to agglomeration, volatilization, inclusion in micropores, poisoning or 
interaction with the mineral matter of the coal. Catalyst mobility is important for its 
effectiveness. If the catalyst is in the molten phase, diffusion will depend on the 
temperature difference between the melting point and gasification temperature [2-51. 

Single catalyst (one metal element) gasification has several limitations: (i) the rate of 
gas production is very slow, (ii) reduced active surface area by pore blockage, (iii) rapid 
deactivation of the catalyst by poisoning and sintering, (iv) low gas production, (v) loss 
of contact of catalyst and reactant, and (vi) volatilization of catalyst, and catalyst 
encapsulation by carbon deposition [6-121. 

Exxon catalytic gasification process produces substitute natural gas (SNG) by catalytic 
steam gasification of coal [131. The process operates at 700°C and 3.5 MPa and uses 
potassium carbonate as the catalyst. The catalyst plays three important roles: 
(1) It enhances the rate of gasification and lowers the reaction temperature thereby 

favoring methane production. 
(2) Favors gas phase methanation equilibrium. 
(3) Inhibition of swelling and caking of coals. 
In this process calcium performed better at lower loadings because it does not interact 
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preferentially with the mineral matter. Since calcium is not as mobile as potassium its 
impregnation was very critical. 

Iron is one of the desired catalysts for steam gasification of coal. The cheap availability 
of iron and its salts (mainly sulfate) make it even a more promising catalyst than the 
alkali metals. Commercially, it is one of the best catalysts for about 10 wt.% char 
conversion. The problem in using iron is that it deactivates (oxidizes) very rapidly. 
Nickel is another good catalyst, but it also deactivates fast and the gas production stops 
after about 10% graphite conversion [14]. Calcium deactivates because of sintering as 
a result of particle growth but remains active for longer burnoff times than iron and 
nickel. Abel et a\. 121 found that reaction rate falls as a result of pore blockage by the 
catalyst which results in the reduction of accessible surface area. The catalytic activity 
of iron has been described by various mechanisms: electron transfer, oxygen transfer, 
carbide mechanism [15-171. 

Bimetallic catalysts have addressed some of the limitations of single catalyst 
gasification. Gas production increases with the use of bimetallic catalyst. The catalyst 
remains active for a longer duration and is more resistant to poisoning. A catalyst that 
is not deactivated by sulfur would enable the gasification of high sulfur coals. 
Synergetic effects have been observed by the use of bimetallic catalysts [18]. 

Bimetallic catalysts not only increase the activity and selectivity towards desired 
products, but are also more resistant towards catalyst deactivation by poisoning or 
carbon deposition. Researchers have performed both experimental and theoretical 
analysis for bimetallic catalyst systems and have found significant differences in the 
surface and bulk compositions, as a result of one component of the catalyst system 
segregating preferentially to the surface. Also, an adjuvant gas can influence the 
segregation process (19-201. 

EXPERIMENT 
The coal used in this study was IL. No. 6 coal. This coal was selected because of its 
high sulfur content. Both the raw and demineralized coal samples were gasified in this 
study. Gasification of all samples was conducted in an electric furnace. The reactor, 
was a stainless steel tube, mounted vertically in the furnace. A high pressure pump 
was employed to pump water at the rates of 30 ml h i '  gm-' of coal. All the experiments 
were performed at 500 and 700°C and 500 and 1000 psig. Samples were placed in the 
reactor in a wire mesh bucket. The glass wool at the top of the reactor was used to trap 
any tarry material that might tend to escape. The system was purged with argon and 
pressurized with steam. Gas samples were collected at regular time intervals (5, 15, 
30, and 60, min.) in gas bags and gas chromatography was performed on each gas 
bag. Product gas composition and concentration were monitored by gas 
chromatography. From the gas yield and composition, the carbon conversion in each 
interval and the accumulated carbon conversion were calculated. The experiments 
were terminated when the rate of gas production diminished significantly. 

RESULTS AND DISCUSSION 
At 500°C and both 500 and 1000 psig, negligible amount of raw coal was gasified. This 
suggested that the activation energy barrier cannot be crossed at 500°C for the raw 
coal alone. The unreacted steam would condense at the bottom of the reactor. Even 
when the flow rate of water was reduced to 0.25 ml min-' similar problems were 
encountered. At 700°C there was a substantial increase in the amount of coal gasified. 
Almost 36-39 wt.% (assuming 100% carbon) coal was gasified at 500 psig. At 5 
minutes the analysis of the gas at 500 psig showed CO, as the main gas (77%), there 
was significant amount of CH, (18%) and minute quantities of CO and H,. Gas 
production was observed till 15 minutes but at this time CO, was the primary gas 
(89%). No gas production was observed at 30 minutes. At 700°C and 1000 psig there 
was a slight increase in the amount of coal gasified (43 wt.%). The gas analysis at 5 
min showed 61% CO,, 28% CH,, 5% H,, and 6% CO. At 15 min the gas composition 
was 79% C02, 16% CH4, 3% H,, and 2% CO. Once again no gas production was 
observed at 30 min. This high jump in coal conversion at 700°C suggested that at this 
temperature the energy was sufficient to clear the activation barrier and a portion of the 
char formed was also gasified. Demineralized coal gasified almost like raw coal with 38 
wt.% conversion at 7OO0C and 500 psig. The gas analysis at 5 min showed 88% CO,, 
0% CHI, 6% H,, and 6% CO. At 15 min the gas composition was 96% C02, 0% CH4, 
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4% H,, and 0% CO. 
Conversion numbers and gas analyses are presented in Table 1. 

In presence of the catalyst significant gasification was observed at 500°C and 500 psig. 
Both the raw and demineralized coal samples were gasified in presence of the catalyst. 
Catalysts studied thus far are salts of potassium, iron, nickel, and molybdenum. For the 
single catalyst experiments of potassium salts (hydroxide and carbonate) increasing the 
catalyst loading from 5 to 10% had little effect on coal conversion. For KOH catalyzed 
raw coal experiments the coal conversion was around 28-35 wt.%. Similarly increase in 
temperature had very little effect on conversion. Gas production was observed till 30 
min. Increase in pressure resulted in increased methane formation. For 10% 
potassium loading (KOH) the gas analysis at 5 min showed 55% COz, 32% CH,, 7% 
H,, and 6% CO. At 15 min the gas composition was 61% CO,, 29% CH,, 6% H,, and 
4% CO. At 30 min the gas composition was 66% CO,, 26% CH,, 5% H,, and 3% CO. 
No gas production was observed at 45 min. For potassium carbonate, however, the 
conversion went down from 40 to 33% with increase in the loading from 5 to 10%. This 
could be due to interaction of potassium carbonate with the mineral of coal at higher 
loadings. The gas analyses were comparable to the KOH experiments. Conversion 
numbers and gas analyses are presented in Table 1. 

Salts of transition metals behaved like potassium salts. The conversion numbers were 
comparable but the methane concentration was slightly lower. In some cases the gas 
production stopped after 15 min. At 500°C and 500 psig almost 30% conversion was 
achieved with 10% loading of iron chloride. The gas analysis at 5 min showed 64% 
CO,. 27% CH4, 5% H,, and 4% CO. At 15 min the gas composition was 68% CO,, 
26% CH,, 5% H,, and 1% CO. At 30 min the gas composition was 74% CO,, 23% CH,, 
3% H2, and 0% CO. No gas production was observed at 45 min. At the same 
conditions 37% conversion was achieved with nickel hydroxide. The gas analysis at 5 
min showed 59% CO,, 30% CH,. 7% H,, and 4% CO. At 15 min the gas composition 
was 67% CO,, 26% CH,, 5% H,, and 2% CO. At 30 min the gas composition was 72% 
CO,, 24% CH,, 4% H,, and 0% CO. No gas production was observed at 45 rnin. 
Conversion with molybdenum oxide was lower (22%) under same conditions. No gas 
production was observed after 15 min. The conversion numbers and the gas analyses 
for the demineralized coal samples were comparable to the raw coal conversions. 
Conversion numbers and gas analyses are presented in Table 1, 

When potassium hydroxide was used with transition metals significant increases in the 
conversions were obtained and also the concentration of the methane in the product 
gas increased substantially. As shown in Table 1 at 500°C and 500 psig when iron 
chloride and potassium hydroxide are used together at 5% each loading the conversion 
increased to 42% with an increase in methane concentration in the product gas. The 
gas analysis at 5 min showed 56% CO,, 35% CH,, 7% HZ, and 2% CO. At 15 min the 
gas cornposition was 59% CO2, 34% CHI, 6% H,, and 1% CO. At 30 min the gas 
composition was 69% CO,, 27% CH,, 4% H,, and 0% CO. No gas production was 
observed at 45 min. At 10% each loading the conversion went up to 53%. The gas 
analysis at 5 min showed 47% CO,, 39% CH4, 9% H,, and 5% CO. At 15 min the gas 
composition was 52% CO,, 37% CHI, 7% H,, and 4% CO. At 30 min the gas 
composition was 58% CO,, 33% CH,, 6% H,, and 3% CO. No significant gas 
production was observed at 45 rnin. This shows some synergistic effects. Possibly 
potassium helps keep iron reduced for longer duration and thus the conversion and 
methane formations are increased. Conversion numbers and gas analyses are 
presented in Table 1. 

When nickel hydroxide and potassium hydroxide are used together at 500°C and 500 
psig and at 5% each loading the conversion was 39%. The gas analysis at 5 min 
showed 60% CO,, 33% CH,. 5% H,, and 2% CO. At 15 min the gas composition was 
69% CO,. 27% CH,, 3% H,, and 4% CO. No significant gas production was observed 
at 30 min. At 10% each loading the conversion went up to 55%. The gas analysis at 5 
min showed 58% CO,, 35% CH,, 7% H,, and 0% CO. At 15 min the gas composition 
was 67% CO,, 28% CH,, 5% Hz, and 0% CO. At 30 rnin the gas composition was 76% 
CO,, 21% CH,, 3% H,, and 0% co. No significant gas production was observed at 45 
min. At 700°C a,nd 1000 psig and 5% each loading of nickel and potassium a 
conversion of 74% was achieved. The gas had increased concentration of carbon 
monoxide and lower methane production. Experiments performed with demineralized 
coal samples resulted in slightly lower conversions but similar gas analyses. 

Once again no gas production was observed at 30 rnin. 
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CONCLUSIONS 
1. Significant amounts of hydrogen can be produced at moderate gasification 

conditions. 
2. Low to negligible CO concentrations and ratios of H,/CO is at synthesis gas 

stoichiometry. 
3. Steam reforming of methane is avoided at 3-6 MPa range. 
4. The combination of alkali and transition metals gave significant synergistic effects. 

Table 1 
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ABSTRACT 

Catalysis of petroleum coke gasification in pure C02 by Ca(OH)2 
or CaC03 has been investigated with a thermobalance. The reac- 
tivity of the original coke is very low. Ca(OH)2 kneaded with 
the carbon in water enhances the reactivity drastically, and thus 
realizes complete gasification at 900°C within 25 min. CaC03 
shows almost the same catalytic activity as Ca(0H)z except for 
the initial stage of gasification. The X-ray diffraction meas- 
urements and X-ray photoelectron spectroscopy of partly gasified 
samples reveal that the calcium promotes remarkably the formation 
of non-crystalline carbon, in other words, surface oxygen com- 
plexes, during gasification. The temperature programmed deso- 
rption shows that there are strong interactions between calcium 
and carbon, which contributes to the creation of reactive sites. 

1. INTRODUCTION 

Petroleum coke as a byproduct in coking processes of residual 
oils is used partly as an energy source [l]. Since it is com- 
posed of graphitized carbon, however, the gasification reactivity 
is low compared with coal. It may be interesting from a practi- 
cal point of view if the reactivity is enhanced by catalyst 
addition and consequently petroleum coke can be employed as a 
feedstock for the production of hydrogen and syngas. However, 
no successful approach has been reported so far. 

In earlier publications we have found that inexpensive Ca(OH)2 
and CaC03 are the most promising gasification catalysts 12-41. as 
long as water slurry of Ca(OH)2 or CaC03 is mixed with low rank 
coals with large amounts of oxygen functional groups as ion 
exchangeable sites. Whereas, recent dynamic studies on the 
catalysis of carbon gasification by Ca have shown that the cata- 
lyst can create surface oxygen complexes, that is, reactive 
sites, even on well-ordered graphite [5,6]. 

It may be expected from these observations that graphitized 
carbon in petroleum coke is also activated during gasification by 
the calcium from Ca(OH)2 or CaC03. Therefore the present work 
focuses on making clear catalyst effectiveness of these compounds 
for the gasification of petroleum coke and on elucidating the 
catalysis by the calcium. 

2. EXPERIHENTAL 

Petroleum coke of size fraction 75-150 pm was used. The prox- 
imate and ultimate analyses are shown in Table 1. The ash and 
oxygen contents were very low. The X-ray diffraction (XRD) 
analysis revealed the presence of graphitized carbon, but the 
degree of graphitization was not so developed, as shown by the 
XRD parameters of interplanar spacing (do02) and average crystal- 
line height (Lc) in Table 1. Powdery Ca(OH)2 or CaC03 was 
loaded onto the carbon by simply kneading them in water, Ca 
loading in the dried sample being 3 wt% as metal. The Ca(OH)2- 
loaded carbon was used unless otherwise described. 

About 20 mg of the sample was heated quickly up to 800-1000°C in 
a stream of pure C02, and the weight loss during the isothermal 
gasification was monitored with a thermobalance C3.41. The XRD, 
X-ray photoelectron spectroscopy (XPS), and temperature pro- 
grammed desorption (TPD) of partly gasified samples were carried 
out to characterize the catalyst state and reactive sites. In 
the TPD runs, the sample after gasification at 850°C followed by 
cooling to room temperature was heated in He UP to lOOO"C, and CO 
and CO2 released were determined with a gaschromatograph. 
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3. RESULTS AND DISCUSSION 

Rate Enhancement by Calcium Catalyst 

The profiles for the C02 gasification of petroleum coke are shown 
in Figure 1, where conversion is calculated on a basis of fixed 
carbon after devolatilization. The reactivity of the original 
coke was quite low at 800-900°C. and fixed carbon conversion at 
900'C was < 20 wt% after 2 h. On the other hand, Ca(0H) en- 
hanced the reactivity dramatically; the conversion at ZOO'C 
reached 65 wt% after 2 h, and at 900°C the carbon was gasified 
completely within 25 min. Our previous studies have shown that 
the Ca cations in saturated Ca(OH)2 solution can readily be ion- 
exchanged with COOH groups when mixed with low rank coals at room 
temperature [7], and the exchanged Ca is very active for the 
steam gasification C2.3.71. No exchange reactions would take 
place significantly in the present work, however, since there are 
almost no oxygen functional groups as exchangeable sites in 
petroleum coke, as is expected by very low content of oxygen 
(Table 1). It should therefore be noted that Ca(0H) loaded on 
the carbon by simple kneading shows the high catalytfc activity 
for the gasification. 

The specific rate of carbon, defined as the gasification rate per 
unit weight of remaining carbon, is plotted as a function of 
conversion in Figure 2. The rate of the Ca(OH)2-loaded coke at 
800°C was independent of the conversion, and it was comparable to 
the rate at 1000°C without catalyst. This observation means 
that the use of Ca(OH)2 can lower the temperature by 200'C. The 
rate of the Ca-catalyzed gasification at 850 or 900°C changed as 
fixed carbon conversion increased, and seemed to have minimum at 
the conversion of around 50 ut%. Since such the change would be 
determined by the balance between catalyst agglomeration and 
enrichment due to the consumption of carbon [ E ] ,  the decreased 
rate observed in the conversion range of less than 50 wt% sug- 
gests that the agglomeration of Ca catalyst may be dominant at 
the initial stage of reaction. At 9OO'C the initial rate of the 
catalyzed gasification was 90 times as large as that of the 
uncatalyzed one. 

As is seen in Figure 2, CaC03 also promoted the gasification 
remarkably. The initial rate at 850'C was lower than that with 
Ca(OH)2, but it increased gradually with increasing conversion, 
and both rates were almost the same at the latter part of reac- 
tion. The use of CaC03 as alternative to Ca(OH)2 is interesting 
from a practical point of view, since limestone and seashell 
wastes as received can be used as catalyst sources. 

Catalyst State and Reactive Sites 

Strong, sharp diffraction lines of Ca(OH)2 were observed on the 
Ca(OH)2-loaded coke. When the coke was devolatilized in pure 
N , these lines disappeared and CaO peaks with very weak intensi- 
d e s  appeared. These observations show that Ca(OH)2 loaded is 
transformed mostly to non-crystalline species, which suggests 
catalyst redistribution on devolatilization, possibly the forma- 
tion of finely dispersed Ca species. The surface of petroleum 
coke might be mildly oxidized in the kneading process, and the 
preoxidation and/or mechanochemical effects during kneading, if 
any, might affect the dispersion of Ca catalyst. 

Figure 3 shows the XRD patterns after gasification of petroleum 
coke with and without Ca(OH)2 to 50 wt% conversion. Ca(0H) was 
transformed mainly to CaC03 and partly to Cas during gasizica- 
tion. Since CaO was stable in the devolatilization step preced- 
ing carbon gasification, as mentioned above, CaC03 was formed by 
the reaction of CaO with CO The presence of Cas may mean the 
catalyst deactivation by &e sulfur evolved, which may be one 
reason for the decrease in specific rate with conversion at the 
initial stage of reaction (Figure 2). Figure 3 also revealed 
lower diffraction intensities of C(002) lines than those from the 
corresponding original carbon. Higher do and lower Lc were 
observed in the Ca-bearing sample. These ogservations point out 
the formation of non-crystalline carbon in the presence of the 
catalyst. 

When the XPS spectra of these gasified samples were measured, the 
C 1s peak of the Ca-bearing carbon was broad compared with the 
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original carbon, and the intensities of the spectra at 286-288 
eV, attributable to ether and carbonyl bonds, were higher in the 
presence of the catalyst. Further, the atomic ratio Of O/C, 
determined by the 0 and C 1s spectra, with Ca was about 5 times 
as that without Ca. It is evident from the XPS observations 
that surface oxygen complexes are formed on the carbon to a 
larger extent during the Ca-catalyzed gasification. 

In order to characterize surface oxygen complexes, the TPD runs 
of gasified samples were carried out, and the results are sum- 
marized in Table 2. No significant amount of C02 was detectable 
without Ca catalyst, and CO alone was released with the largest 
rate at around 950'C, where the C02 gasification of the original 
coke proceeded at an appreciable reaction rate, 

On the other hand, CO desorbed in the presence of Ca catalyst. 
The desorption startej at about 550"C, showed a maximal rate at 
700'C, and completed at around 750'C. Since the catalyst was 
present in the form of CaC03 after gasification (Figure 3 ) ,  it is 
no doubt that C02 desorption comes mainly from the decomposition 
of CaC03. However, the peak temperature of C02 desorption was 
much lower than the decomposition temperature of CaC03 bulk, and 
the TPD pattern was broad. Further, as is seen in Table 2, CO 
desorption occurred significantly at 700°C where C02 desorbed at 
the largest rate. These observations point out strong interac- 
tions between CaCO and carbon surface. The CO evolved at 700'C 
may originate part?iy from the formation of CaC03-C intermediate 
and subsequent CO desorption 19.101. The promotion of CaC03 
decomposition by carbon has been confirmed by the high tempera- 
ture XRD technique [ 2 ] .  The total amount of C02 released was 
larger than Ca loading onto petroleum coke, which suggests that 
surface complexes such as lactone and acid anhydride formed 
during the Ca-catalyzed gasification may be decomposed into C02 
[ 11,121. 

Most of CO desorbed in the wide temperature range of 750-1O0O0C, 
where the calcium showed high catalytic activity. The total 
amount of CO released with Ca catalyst was two times as that 
without Ca (Table 2). Consequently, the presence of the cata- 
lyst lead to about four-fold oxygen uptake on carbon. This is 
in good agreement with the oxygen increase determined by XPS 
measurements. Since the sample after gasification of the CaC03- 
loaded coke showed almost the same TPD profiles as in the case of 
Ca(0H) CaCO also enhanced the number of reactive sites. It 
is progbble tiat the increased sites are responsible for large 
reactivity of petroleum coke in the presence of Ca(OH)2 and 
CaC03. 

4. CONCLUSION 

Ca(OH)2 or CaC03 showed high catalytic activity for the C02 
gasification of petroleum coke at 800-900°C when loaded by simple 
kneading. The calcium promoted the formation of surface oxygen 
complexes on the carbon during gasification. 

ACKNOWLEDGMENT 

This work has partly been carried out as a research project of 
the Japan Petroleum Institute commissioned by the Petroleum 
Energy Center with the subsidy of the Ministry of International 
Trade and Industry, Japan. The authors gratefully acknowledge 
Ayumi Shoji and Yasuhiro Ohshima for their assistance in carrying 
out experiments. 

t 
223 



REFERENCE8 

1) Dymond, R . B .  Hydrocarbon Processing 1991, September, 162-C. 
2) Ohtsuka, Y.; Tomita, A. Fuel 1986, 65, 1653. 
3) Ohtsuka, Y.; Asami, K. Energy F u e l s  1995, in press. 
4) Ohtsuka, Y.; Asami, K. Energy Fuels in press. 

Tomita, A. Carbon 29, 475. 
6) Kyotani, T.; Hayashi, S.; Tomita, A. Energy Fuels 1991, 5, 

683. 
7) Nabatame, T.; Ohtsuka, Y.; Takarada, T.; Tomita, A. J .  Fuel 

SOC. Japan 1986, 65, 53. 
8) Asami, K.; Ohtsuka, Y. Ind. Eng. Chem. Research, 1993. 32, 

1631. 
9) Cazorla-Amorbs, D.; Llnares-Solano, A.; Salinas-Martinez de 

Lecea, C.; Joly, J.P. Carbon 1991, 29, 361. 
10) Cazorla-Amorbs, D.; Linares-Solano, A.; Salinas-Martinez de 

Lecea, C.; Kyotani, T.; Yamashita, H.; Tomita, A. Carbon 
1992, 30, 995. 

11) Koenig, P.C.; Squires, R.G.; Laurendeau, N.M. Carbon 1985, 
23, 531. 

12) Zhuang, 9.; Kyotani, T.; Tomita, A. Energy Fuels 1995, 9, 
630. 

5) Martin, R . R . ;  Macphee, J.A.; Kyotani, T.; Hayashi, S.; 

l sb le  1 Analysis of petroleum coke used 

0.3 11.2 89.4 4.0 2.5 2.1 2.0 0.348 2.5 

Table 2 Desorption of CO, and CO from the samples psifled at WO0C 

catalyst Peak temperature ("C) Total amount released (mmoVg) 
coz co COZ co 

None n.d.' 950 n.d.' 7 
WOW, ~700 700b,900-1000 8 14 

"Not detectable. "Shoulder peak. 

Reaction time, h 

Figure 1. Profiles for the gasification of petroleum coke with CO,. 
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Figure 2. Relationship between specific rate and fixed carbon conversion. 
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Figure 3. X-ray diffraction patterns of gasified samples with and without Ca catalyst. 
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Introduct ion 
Alkali metal salts have been reported the best catalysts for the carbon 

combust ion . l .2 )  However, their active species have been recognized to 
vaporize out from the combustion zone.3) Some transition metal oxides has 
been reported active to catalyze the combustion and gasification of 
carbon.4 .5)  However. their intimate contact with the carbon substrate 
should be assured for the catalysis. Enhancement of catalytic activity has 
been examined by increasing dispersions and controlling composition.6.7) 
However, maintenance of contact with the separate carbon grains to 
increase the conversion has not been attempted. 

In [he present study, catalytic activity of alkali metal salts supported on  
y -AI203 and perovskite type oxide for thc combustion of active carbon was 
studied, to find a way to realize the repeated contact of alkali metal species 
with carbon through their sublimation and precipitation over the surface 
of the perovskite type oxide. Influence of anions of salts, mixing 
procedures of the catalyst, support and carbon as  well as the reaction 
temperature, were examined. The elution of active species was also 
estimated to observe the combustion of carbon placed at the down-stream 
of the catalysi bed. 

Experimental  
Activated carbon (AC) (Nacalai tesque inc.; surface area 370 m2/g) was 

used, after washing with hydrochloric acid aq. to remove ash and heat 
treated at 973K for 8h in nitrogen. Ultimate analysis showed that resulting 
AC carried small amount of mineral matter (O.Olwt%), being free from any 
detectable hydrogen, oxygen, nitrogen or sulphur. Supported catalysts were 
prepared by the impregnation. A prescribed amount of potassium metal 
salts (K2CO3, KCI, K2S04) were dissolved in deionized water. 

The AC, A1203 (Nikkei Kinzoku Co. ,Ltd.), perovskite type oxide used as 
carrier material was dispersed in the solution and then heated to dryness 
at 363K for 12h. The catalyst loading was adjusted to 1.3X10-3 atom alkali 
per total amount of carrier and reactant (AC) (g). 

Perovskite type oxide was prepared from the mixture of component metal 
nitrates or acetates, through vigorous mixing in water, freezed-dry and 
calcined at 1123K for 5h. X-ray diffraction analyses showed perovskite 
type structure of mixed oxide. Examined composition of perovskite was 
Lao.~S~o.2Cro.sMno.4sPto.o~03 (LSCMP). 

A continuous flow reactor apparatus was operated under atmospheric 
pressure. In order to prevent local accumulation of heat, an initial ratio of 
AC to catalyst was 0.1. The mixture of AC and catalyst was dispersed on a 
ceramic foam (Brigestone Co. Lid.). A thermocouple was located at the end 
of catalyst bed. Nz was  flowed during the heating to the reaction 
temperatures and the oxidant gas (N2 containing 4% 02)  was introduced for 
the combustion. The gaseous products were analyzed by IR-spectrometer 
(Simadzu Co. ,Ltd.). The amount of AC consumed was determined by the 
product gas analysis. 

Results 
Catalvtic activity of supported Dotassium carbonate catalysts 

Figure 1 shows AC combustion catalyzed by supported K2C03 as function 
of time at 723K. The activity of supported K2CO3 catalysts used in this 
study increased in the order; K2C03/y -Al2O3< K2C03/Pt-y -A1203 < K2CO31 
AC < K2CO3ly -A1203 blended with LSCMP < K2C03LSCMP. The activity of 
supported K2C03 catalysts was significantly influenced by the supports; 
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particularly, K2CO3 supported on LSCMP catalyst showed the largest 
activity among the catalysts tested. Because the activity of LSCMP was not 
so high, K2CO3 supported LSCMP performed the catalysis of very rapid 
combustion within 500 sec, increasing the conversion upto 100%.K2C03/ - 
A1203  physically blended with LSCMP showed high activity than K2CO3/7 - 
A1203. giving c.a.100% conversion within 2000 sec. K2CO3 supported on AC, 
Pt- 7 -Al2O3, and y -A1203 showed rapid combustion at low conversion level, 
however the conversion was saturated at 60%. 

Catalytic activitv of supported potassium salts 
Figure 2 summarizes the activity of potassium salts supported on y - 

A1203 blended with or without LSCMP at 723K. First of all, KCI/y -A1203 
showed the largest activity among the salts supported on y -Al2O3, 
obtaining nearly 100% combustion by 3000 sec. The K 2 S 0 4 / y  - A I 2 0 3  
exhibited the lowest activity . 

The effectiveness of the blended catalysts with LSCMP depended very 
much on the type of potassium salts. The blended catalysts of K2CO3/7 - 
AI203  with LSCMP exhibited the strongest synergistic effect to show the 
largest activity among the potassium salts tested. KCI blended with LSCMP 
exibited lower activity than KCl/y -Al2O3. 

3 
In order to estimate potassium amount on carriers after the combustion 

reaction, the catalytic combustion was repeated three times, using the same 
catalyst. K2CO3/y -A1203 and KzC03/LSCMP were mixed with carbon 
respectively, and then were heated to 873K under air flow (700 mllmin.). 
The potassium element remaining on these catalysts was extracted with 
HCI aq., and analyzed by capillary zone electrophoresis(SZE). Table 1 
showed the diminution ratio of the potassium amount before and after 
reactions. K2C03/y -A1203 lost significant amount of K after the reaction, but 
less loss of potassium was detected on KzCOs/LSCMP. 

And then to estimate outflow of potassium element from catalyst bed to 
down-stream, the combustion reactions were executed at 723K. AC was 
mixed with K2C03/LSCMP and K2CO3/y -A1203 respectively in the same 
way as mentioned above. Then AC was placed at the down-stream of the 
catalyst bed. 

The results are shown in Figure 3. The activities of K2CO3/LSCMP and 
K2CO3/7 -A1203 are in it for references. The conversion(X) in this figure is 
defined as 

where Wo is the initial amount of AC, which was mixed with catalyst, W is 
the combustion amount of AC at reaction time, Wb is the combustion 
amount of AC without catalyst at reaction time. 

The combustion profiles over KzC03/LSCMP were similar regardless of the 
down flow carbon. In contrast, K2C03/y  -AI203 increased the conversion of 
AC when the AC free from catalyst was placed at the down stream. Some 
catalysts may he transferred bed carrying the catalyst to the down stream. 

Influence of reaction temperature 
Figure 5 shows the catalytic activity of K2C03/7 -A1203, K2C03/LSCMP, and 

blended K2C03/y -AI203 with LSCMP at 623-723K. 
K2C03/LSCMP exhibited the highest activity of these three catalysts at this 

temperature range. Although the activity of K2C03/7 -AI203 blended with 
LSCMP was same to that of K2C03/y  -AI203  at 423 K, the blended catalyst 
exhibited the higher activity at higher temperatures. 

Discussion 
Potassium salts have been reported to catalyze the combustion of the 

carbon through their reduction into metal to activate oxygens). The alkali 
metal can sublime to be mobile over the carbon substrates, maintaining the 
intimate contact for the catalytic activity. On the other hand, sublimed 
metal may flow out from the carbon bed, no catalytic activity being 
maintained. Thus, the sublimation and precipitation of the metal should be 

X=(Wo-W-Wb)/(Wo-Wb) 
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balanced in the carbon bed for the maintenance of the catalytic activity. 
LSCMP appears a unique support to perform such sublimation and 

precipitation for catalytic activity. Another role of the support is to  
influence the decomposition of potassium salts into active species, LSCMP 
appears to have such a role. Questions why LSCMP performs such roles are 
not answered in this paper. Further research is attempted. 

KCIIy - A I 2 0 3  exhibited a unique activity to show stable activity, 
achieving nearly 100% conversion. Active species for KCIIy -A1203 is now 
studied.  
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INTRODUCTION 
At the Delft University of Technology a project concerning the catalytic removal of soot 

from diesel exhaust gases is being carried out. We are interested in a catalyst for the oxidation of 
soot particulates because: (i) diesel engines can no longer meet the requirements of the 
particulate (soot) emission standards, and (ii) collection of soot in a monolithic filter and 
simultaneous oxidation at diesel exhaust gas temperatures (600 K) is considered to be the best 
option to abate the emission of soot. 

The mechanism of catalytic oxidation reactions of carbonaceous materials has been the 
subject of many researchers over the last decades. Although it has been generally exepted that 
Surface Oxygen Complexes (S.O.C.) play an essential role in these reactions, their chemical 
nature, and interaction with catalysts and the oxidant ((202, HzO or 0 2 )  have hardly been 
reported. A powerful tool in analyzing carbonaceous materials is Fourier Transformed Infrared 
spectroscopy and in particular Diffuse Reflectance Infrared Fourier Transformed (DRIFT) 
spectroscopy. Several research groups have analyzed coal of several ranks using this technique 
e.g. (1-3). Also in situ studies regarding the oxidation of coal have been performed ( 4 4 ,  as well 
as DRIFT studies on oxidized soot (7,8) and PF chars (9). Very few reseachers have used DRIFT 
spectroscopy to analyze the catalytic oxidation of carbon or soot. Cerfontain has studied the 
alkali carbonate catalyzed carbon oxidation by C02 by means of FT-JR (IO), but carbon oxidation 
involving 02 and (transition) metal oxides have only been reported by us (11). It has been shown 
that during bum-off certain metal oxides enhance the amount of S.O.C. on the soot surface, while 
others do not. This observation has been explained by two different reaction mechanisms: ( i )  a 
redox mechanism and (ii) a spill-over mechanism (11). However, these results were obtained 
with catalystlsoot mixtures with a high catalyst to soot ratio ( l : l ,  be. 50 wt%). In this paper 
DRIFT analyses of partially converted soot by impregnated Fe-, Co-, Cr-, K-, and Ca- oxides (10 
wt%) are presented, which validates a comparison of these analyses with literature data on 
catalyzed carbon and coal gasification. 

EXPERIMENTAL 
Printex-U (a model soot, purchased from Degussa) was used to perform the oxidation 

studies. This soot has a BET surface area of 96.0 m2g" and contains approximately 5 wt% of 
adsorbed hydrocarbons and only 0.2-0.4 wt% sulfur (12). 

Analytical grades of the (transition) metal nitrates were used to impregnate the soot. An 
amount of the nitrate, corresponding with 10 wt% of the most stable oxide (FezO3, Co304, Cr203, 
KzO, and CaO) was dissolved in 200 ml ethanol, followed by addition of 200 mg soot to the 
solution. The ethanol was removed at 325 K under reduced pressure in a rotating evaporator. The 
black powder could be recovered by scratching it from the glass wall of the flask with a spatula. 

Partial conversion of the soot was accomplished in a so-called six-flow reactor. A six- 
flow experiment was carried out by packing five quartz reactors (one reactor was used as a blank) 
with approximately 25 mg of the impregnated sootlmetal nitrate mixture, sandwiched between 
two layers of SIC. A controlled flow of 150 mumin. 10 vol% 0 2  in Ar was led through the 
reactors. A non dispersive infrared detector (Hartmann & Braun Uras I O  E) was used to measure 
CO, C02 and NO concentrations. These concentrations were measured alternately every 90 
seconds in each reactor. A multiposition valve (Valco) selected the reactor for analysis, The 
partial conversions were obtained isothermally @ 575 K (K, Co) and @ 585 K (Ca, Fe, Cr). The 
final temperature was reached with a ramp of 5 Wrnin. The amount of soot converted was 
determined by integrating the CO and COZ concentrations with time. After reaction S i c  was 
separated from the soot sample before analysis. 

DRIFT spectra were recorded on a Nicolet Magna 550 spectrometer equipped with a 
DTGS detector and a Spectratech D R m  accessory. KBr was used as a diluent. Spectra are 
displayed in 8 cm.' resolution in absorbance reflectance mode against a (non-converted) soot in 
KBr background. 

1 

I 

1 

/ 

1 

230 



RESULTS & DISCUSSION 
Transition rnelal nitrates 
A typical result of the analysis of one reactor in a sixflow measurement is shown in figure 

1. The variations in the CO, COz and >!Tc! concentrations as a function of time are given for the 
Fe(N03),/soot sample. Decomposition of Fe(N03)s into N20, NO and NO2 (the concentrations of 
NzO and NOz were not determined) occurs at approximately 450 K. As NO2 is a strong oxidant, 
reaction of NO2 with soot results in NO, CO and COz formation (13). The reaction of NO2 with 
soot is reflected by high NO, CO and CO2 concentrations in the first 6 ks of the reaction, when 
the temperature is still increasing with time. After the temperature has become constant @ 585 K 
(the temperature was isotherm between the verticle dashed lines), the CO and COz concentrations 
decrease exponentially with time. A similar trend was obtained for the Co(N03)z/soot sample @ 
575 K (not shown). By integration of the CO and COz concentrations, soot conversion was 
calculated to be 20% for the Fe(NO,)&oot, and 50% for the Co(NO3)2/soot mixture respectively. 

Variations in the CO, COZ and NO concentrations @ 585 K for the impregnated 
Cr(N03)3/soot mixture are shown ir. figure 2. Similar to the Fe(N03)3 measurement, a rapid 
decompositinr. sf ;;IC nitrate into (presumably) Cr2O3 can be observed at 400 K, accompanied by 
nlgh NO, CO and COz concentrations. In the isothermal part, the development of the CO and 
COz concentrations is quite different from the Fe(N03)3 sample. Instead of a decay, a slow 
increase in the CO and COz concentrations can be observed. A similar result has been obtained 
for a mechanical mixture of Cr2O3 and soot (14). The soot conversion was calculated to be 50%. 
Another six-flow experiment was performed upto a cqnversion level of 20% 

The DRIFT spectra of the partially converted Fe(NO,),/soot (20% (A)), Co(NO3)~/soot 
(50% (B)) and Cr(NO3)3/soot (20% (C) and 50% (D)) samples are shown in figure 3. Infrared 
absorptions which are typical for compounds containing (hydrated) nitrato groups ( 1  560-1540, 
1020-1070, 800 and 760 cm'l) (15) are not present in the spectra. The absorptions located @ 665 
and 578 cm-' (spectrum B) can be ascribed to the spinel vibrations of Co304. The broad 
absorption band @ 549 cm-l is ascribed to Cr203 (spectra C and D). Hence, confirming the six- 
flow analysis, the transition metal nitrates were completely converted into their oxides. Generally 
three types of Surface Oxygen Complexes (S.O.C.) can be identified with DRIFT on soot (or 
carbon) surfaces: (i)  ethers (1250-1275 cm-l), (ii) quinones (1600-1620 cm"), and (iii) lactones 
(1730-1740 cm") (9). On the surface of the partially converted soot by Cr(N03)3 ('3203) large 
quantities of these S.O.C. were formed. The spectra of the Fez03 and C030.1 samples show 
approximately the same amount of S.O.C. as were formed non-catalytically on soot under similar 
conditions. These results are in agreement with the results obtained for mechanical mixtures of 
Cr2O3. Fez03 and Co304 with soot (11). 

~ 

Potassium nitrate 
The activity in the soot oxidation of KNo3 is shown in figure 4. KNO3 decomposition is 

not as fast as the decomposition of the transition metal nitrates. Moreover, the maxima in the CO 
and CO2 concentrations do not coincide with the maximum in the NO concentration. Apparently 
the peculiar "peaks" in the CO and COz concentrations are not entirely explained by the 
NOz/soot reaction. After the "peaks", the CO and COZ concentrations decay linearly in time. The 
calculated conversion was 75%. 

DRET spectra of KNOdsoot samples at conversion levels of 0% (A), 50% (B), 75% (C), 
and >90% (D) are shown in figure 5. Spectrum A corresponds quite well with the spectrum of 
pure KNOs (the 1383 cm-l vibration can he assigned to a nitrato vibration (15)). After 50% soot 
conversion, the 1383 cm-l vibration is no longer present. Hence, the nitrate has decomposed. 
Although ether-like species are not so clearly present (@ 1250-1300 cm.'), the absorptions 
located @ 1721 cm-' and 1595 cm'l indicate that (a) potassium oxide catalyzes the formation of 
S.O.C. These absorptions are increasing with the conversion level, and shifted to somewhat 
lower wavenumbers, compared to the spectra shown in figure 3. This might indicate that a 
potassium oxide is in the vicinity of the S.O.C. 

Carbonate formation is witnessed by broad absorption bands @ 1456 cm-l and 871 cm-' 
(15,22), which are clearly present in the spectrum of the sample converted to >90% (spectrum 
D). Other absorption bands, @ 11 18 cm-l and 620 ern.', are increasing with conversion, Also 
impregnated Rb and Cs oxides cause the formation of these absorptions during bum off. We are 
still speculating on the nature of the (potassium) compound responsable for these absorptions. 
The assignment of these bands to potassium sulfate, which has vibrations in the 1100-1200 cm-l 
region, is not likely, because the amount of sulfur initially present in the soot (Printex-U) is low 
and the sulfate-ion has a more complex IR pattern than shown in figure 5 (15). The 11 18 cm'' 
band has been observed by other authors in the KzC03 catalyzed carbon gasification with C 0 2  
(10) and steam (16). Cerfontain (10) and Freriks (16) did not detect the 620 cm'l band, because 
they did not record their spectra below 1000 cm". In our opinion this absorption is related to the 
11 18 cm-l one. The 11 18 cm" band has been assigned to a potassium phenolate (10). However, 
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the carbon-oxygen vibration of potassium phenolate (or phenoxide) occurs at much higher 
wavenumbers (around 1300 cm'l (13, verified by ourselves). The mass difference of a 
phenoxide and a poly-aromatoxide ion can only partly account for a red shift of 150 cm'l. Unless 
the frequency of C-OK vibrations is strongly influenced by the vicinity of other C-OK groups 
(e.g. in the compound proposed by Freriks (16)) or other oxygenated species, the assignment of 
the 11 18 cm-I vibration to phenolate species is not very likely. A second proposition for the 
assignment of the 1 1  18 cm.' band is based on the following: the structure of alkali metal catalysts 
under gasification conditions is thought to be a potassium oxide (KzO) cluster attached to the 
carbon surface (18). It has been shown that COZ adsorption on the potassium oxide cluster is very 
strong (18.19). Therefore, the 11 18 and 620 cm.' absorptions might be the result of COz (formed 
during soot oxidation) strongly interacting with a potassium oxide cluster. Interestingly, similar 
absorptions have been reported in studies on COz adsorption on CUZO (20) and CuO (21).  

Calcium nitrate 
Decomposition of calcium nitrate is less rapid than decomposition of the transition metal 

nitrates (figure 6). Although some NO (and CO and Cot )  production takes place during the 
temperature ramp, a considerable amount of nitrate decomposes in the isothermal stage. For 
some reason, the decomposition rate increases with time. The NO, CO and CO2 concentrations 
run parallel, indicating that the primary product of nitrate decomposition is N02, which 
subsequently oxidizes the soot, resulting in the observed products. After complete decomposition 
of Ca(NO&, a second increase in reaction rate can be observed. The measurement shown in 
figure 6 resulted in 50% soot conversion. 

DRJlT spectra of Ca(N03)~.4H~O/soot samples (0% (A), 20% (B), 50% (C) and >90% 
@) soot conversion) are shown in figure 7. After preparation several absorptions occur in the 
500-2000 cm-' region of the spectrum, due to nitrate vibrations (@ 1384, 1046 and 838 crn"). 
The absorption band @ 1635 cm.' can be ascribed to the 0-H bending mode of water of 
crystallization in Ca(N0&4H20 (23).  The broad band located @ 1433 cm-l is also present in the 
DRIFT spectrum of pure Ca(N03)z.4Hz0. After 20% soot conversion @ 575 K, the nitrato 
vibrations are still present, which is in agreement with six-flow data. The 1433 cm-I band has 
broadened and a new vibration, located at approximately 1579 cm-', can be observed. At higher 
conversions (spectra C and D) the vibrations due to the nitrato group have disappeared and are 
replaced by the vibrations ascribed to the carbonato group (CaCO3 (14,23.24)) @ 712 cm.', 875 
cm.', centred @ 1436 cm-l, and 1795 cm-l). The 1579 cm'l band has shifted somewhat to 1587 
cm-l. Also a broad absorption band starts to develop @ 1142 crn-l. This band is clearly visible in 
the spectrum of the >90% soot conversion. In the latter spectrum, the 1587 cm.' vibration is no 
longer, present. 

Absorptions due to regular lactone, quinone and ether like complexes are hardly visible. 
However, the 1587 cm-l absorption is related to the presence of soot, because this absorption 
frequency is not visible after 90% soot conversion. Probably this band is due to quinone species. 
The shift of approximately 20 cm-I might be caused by some kind of interaction with a Ca-ion. 
The broad 1142 cm.' absorption might be related to the 1 1  18 cm-I absorption band observed in 
the KNO3/soot spectra. 

Mechanistic considerations 
The investigated metal nitrate precursors show an increasing reactivity in the order K > 

Co > Cr > Fe = Ca. The activities of the impregnated samples are higher than the activities found 
for the mechanical mixtures of the metal oxides and soot (11). Especially the activity of the 
impregnated chromium nitrate is much higher than the activity of bulk CrzO3. The differences in 
reactivity might be explained by a better dispersion of the oxides formed after decomposition of 
the impregnated nitrates. X-Ray Diffraction and Transmission Electron Microscopy studies are 
currently being performed to determine the particle size of the various impregnated nitrates and 
oxides. 

The DRJlT spectra shown in this paper indicate that the formation of S.O.C. is dependent 
on the catalyst used. In the presence of K, Ca and Cr catalysts, S.O.C. are catalytically formed. 
The differences in C O  and COz concentration profiles shown in figures 1,2,4 and 6 ,  are very 
likely related to this formation of S.O.C. Catalysts which do not enhance the formation of S.O.C., 
show an exponential decay, while catalysts which increase the amount of S.O.C. show a less 
pronounced activity loss (K), or even an activity increase (Cr, Ca). The differences in reactivity 
profiles is discussed in more detail elsewhere (14). 

A redox cycle is often proposed as the most likely mechanism by which metal oxides 
operate in the oxidation of carbon (e.g. (25.26)). Other authors mention spill-over of oxygen to 
explain catalytic carbon oxidation. Baker et al. (27) argued, explaining their Controlled 
Atmosphere Electron Microscopy (CAEM) studies, that CrzO, was able to dissociate molecular 
oxygen and to transfer the activated oxygen to the carbon surface. Eventually, reaction occurred 
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at the graphite edges. This might indicate that the enhanced formation of S.O.C. is related with 
oxygen spill-over. 

Oxygen spill-over has never been proposed for alkali metal carbon gasification reations 
(28-31). However, the mechanism proposed by Meijer and Moulijn (21) involves the transfer of 
oxygen from a K-oxide cluster to an active carbon site, which could be interpreted as spill-over. 
Reaction of this transferred oxygen results in the formation of S.O.C. Kapteijn et al. (32). 
discussing a transient isotopic CO2 gasification study, describe several kinds of S.O.C., which 
they indicate as C(0)CAO) (lactone) and CPO) (semiquinone). The DRIFT spectra presented in 
this paper show, in agreement with the literature data, that upon carbon (soot) oxidation several 
S.O.C. are formed, probably in the vicinity of a potassium oxide cluster. 

The spill-over effect was also mentioned by Kyotani and Tomita et al. in relation with Ca 
catalyzed graphite oxidation (33-36). Although Martin and Kyotani et al., using SIMS and TPD, 
did not reveal the nature of the S.O.C. formed after Ca catalyzed oxidation (35). they indicated 
that the distribution of the S.O.C. corresponded to the distribution of the Ca catalyst. This is in 
agreement with the fact that we observe a shift of the 1605 cm-l quinone band to lower 
wavenumbers, which could be induced by the presence of Ca ions. The fact that we were unable 
to detect lactone species (or C(O.0) (33)), formed by reaction of a C(0)  complexes with an 
activated oxygen atom, might be due to a very fast, Ca induced, desorption of those complexes 
(as C02). The nature and role of the species absorbing 0 1  142 cm-l, is not clear at this moment. 

Evaluating the presented DRIFT spectra and literature mentioned, we believe that the 
catalytic formation of S.O.C. must be related to some kind of oxygen spill-over mechanism. The 
intensity and frequency of the absorptions of the S.O.C. might be indicative for the stability and 
the vicinity of a metal oxide. Catalysts which do not enhance the amount of S.O.C. are thought to 
be active according to a redox-mechanism (I l , f 4 ) .  

CONCLUSIONS 
The transition metal nitrates decompose in air at approximately 450 K. DRIFT analysis 
revealed that metal oxides are formed upon decomposition. 
The results of the DRIFT analyses of impregnated samples are in agreement with the results 
presented earlier (11) for mechanically mixed soot/transition metal oxide mixtures. ( 3 2 0 3  

causes an enhancement of the amount of S.O.C. (compared to non-catalytic oxidation), 
whereas Co304 and Fe203 do not. 
Alkali metal nitrates are less easily converted into their corresponding oxides. After 
decomposition an alkalimetal oxide attached to the carbon surface is being formed. The exact 
nature of this compound remains to be illucidated. 
Alkali metal oxides enhance the amount of S.O.C. The IR absorption band of the quinone 
species is shifted from 1605 cm.’ to 1585 cm-’. Also the lactone vibration (1735 cm-’) is 
shifted to lower wavenumbers, indicating the vicinity of a potassium ion. 
Ca(N03)~ is the most stable of the nitrates investigated, and decomposes into CaC03 upon 
soot oxidation. Also an “alkali metal like” complex on the soot surface is eventually being 
formed. CaCO3 probably generates quinone species, whereas lactones are not formed. 
The catalytic formation of S.O.C. by Cr, K, and Ca, as shown by the DRIFT spectra presented 
in this paper, is tentatively explained by “spill-over” of activated oxygen. This is in 
reasonable agreement with data reported in the literature. 
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Figure 1. Fe(N03)~ catalyzed soot oxidation. Development of NO (solid), C 0 2  
(dash) and CO (alternating dash) concentrations in time. 
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Figure 2. Cr(N03)3 catalyzed soot oxidation. Development of NO (solid), CO1 
(dash) and CO (alternating dash) concentrations in time. 
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Figure 3. D R F I  spectra of partial converted soot by transition metal oxides: 
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Figure 4. KNO, catalyzed soot oxidation. Development of NO (solid), COz 
(dash) and CO (alternating dash) concentrations in time. 
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INTRODUCTION 
The conversion reaction of coal to synthesis gas (CO + Hz) is one of the most significant coal 
utilization processes because a wide range of coals could be applied in this process and the resulting 
gases are available as valuable feedstocks of chemical industry. One of the drawbacks of coal 
gasification is the presence of inorganic materials in coal, which cause fouling or slugging phenomena 
by producing scale during the gasification. Consequently, "deashing of coal" is a technically very 
important pretreatment for gasification. In this study we conducted acid- (HF or HNQ) and alkali- 
leaching of five coals, Australian Yalloum (YL), Indonesian South Banko (SB), US Illinois NO. 6 
(IL), Japanese Akabira (AK), and Australian Newstan coals (NS), the treated coals of which were 
submitted to steam gasification. 

EXPERIMENTAL SECTION 

Illinois No. 6 coal was purchased from Argonne national laboratory. Newstan original and alkali- 
leached coals were presented by CSIRO. Other coals were our samples and stored in a glass vessel, 
respectively, under nitrogen atmosphere. Reagents and solvents were commercially available and 
used without further purification. 

Leachine of coal with HNQ 
Pulverized coal (100 mesh under, 1.5 g) and IN HNQ (300 mL) were stirred magnetically in a 1 L 
flask at 130 OC for 3 h. The products were poured into a 2 L beaker containing 100 g of ice. The 
resulting mixture was filtered, the filter cake being washed with water until the filtrate became 
neutral. 

LeachinP of coal with HF 
A platinum crucible containing pulverized coal (100 mesh under, 2.5 g) and 46% HF (5  mL) was 
heated on an oil bath (90 "C) for 7 h. After the end of reaction, the resulting mixture was filtered and 
washed with deionized water. 

Gasification reach 'on 
Coal (ca. 10 mg, daf base) was put on a platinum cell in the heating zone of TG apparatus (Shimadzu 
TF-SOH), being heated from room temperature to 9oo°C at a heating rate of 50 K/min. Then, steam 
was introduced to the system at 900OC, being kept for about 2 h. The resulting gases were analyzed 
by a Shimadzu GC-8A gas chromatograph (Polarpack Q column, 6mm diameter x 3m long) connected 
to the TG apparatus. Using the same apparatus, pyrolytic experiments were conducted for the original 
and treated coals (heating from room temperature to 90O0C, 5 Wmin). 

H-s 
The sample coals (1 g) were heated up to 900 OC with a heating rate of 30 K/min under a nitrogen 
stream (100 mL/min) by using an Isuzu DKRO-14K type tubular electric furnace. The resulting 
semicokes were submitted to specific surface area-measurement. Their specific surface area was 
measured by using argon adsorption method on a Shimadzu 2205 type analyzer. 

RESULTS AND DISCUSSION 
Deashine of the samole coals 
In order to remove inorganic materials (IOM) in coal, five coals were treated by HF or HN03, the 
results being shown in Figure 1. Treatment of coal with HF resulted in removal of IOM in 36-96%, 
while HN@ treatment resulted in 33-46% removal. It should be noted that HN(B treatment could 
remove sulfur in these coals, especially, in the case of IL coal known as a high-sulfur coal, where 
67% of sulfur could be removed. Huffmanet al. had reported that sulfur in IL coal composed of 37% 
of inorganic form (mainly pyrite) and 63% of organic form (thiophenic and sulfidic)!) The result 
indicates that HN03-treatment could remove organic sulfur in the coal. 
As to nitrogen and oxygen, N/C and O/C atomic ratios were increased by treatment with HNQ. m/ 
IR spectra of the original and treated coals revealed that nitration of aromatic rings and oxidation of 
alkyl side chains to carboxylic groups occurred to some extent during the treatment. 
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Steam pas ification of the orisjnal and treate d coals 
The original and treated coals were submitted to steam gasification. The reaction was conducted at 
900 OC under steam flow (75.7 mmHg). Figure 1 shows a time profile for conversion of char. The 
order of gasification rate obeyed the following sequence: YL > SB > IL > NS > AK, this indicating 
that lower rank coals have higher reactivity than higher rank ones. These results agree well with the 
results reported by Hashimoto et aL2) and Tamai et al?) In the case of the lower rank coals (YL and 
SB), HF-treatment lead to decrease their reactivity, on the other hand, HF-treatment of the higher 
rank coals (IL, AK, and NS) resulted in the increase of their reactivity (Figure 2). YL and SB coals 
contain CaO and Fezo3, these are known to act as gasification catalysts. This might suggest that HF- 
leaching remove these catalyst species. As to HNa-leaching of coal, this pretreatment could improve 
their reactivity to a small extent (in the case of E, AK, and NS coals). The NaOH soaked NS coal 
(provided by CSIRO) was found to have higher reactivity than that of the HF- or HNCb-leached 
coals. 

Catalvtic gasification of the orieinal and tre ated coals 
Catalytic gasification of the sample coals was conducted. Potassium carbonate (3 wt%) was 
impregnated from its aqueous solution. The results of catalytic gasification are shown in Figure 3. 
The catalyst increased the rate of gasification as 2-4 times. In the all coals employed, HF treated 
coals showed higher reactivity than those of the original coals. These are different from the results of 
non-catalytic reaction of the lower rank coals (YL and SB). 

Bvrolvtic behavior of the samDle coals 
In order to examine the pyrolytic behavior of the sample coals, their TGIGC analyses (samplecu. 10 
mg) were conducted (heating from room temperature to 900OC at 5 Wmin). TG curves are shown in 
Figure 4, the order of the rate of devolatilization obeying the following sequence; NS < IL < AK < 
SB < YL. Figure 4 also shows the time profiles for gas evolution (CQ and CH4). The peak of the 
evolution of COz was observed at 400 OC for SB and YL coals and at 700 OC for all coals, the former 
peak corresponding decarboxylation. On the other hand, the peak of CB evolution was observed at 
around 600 OC. The order of its rate obeyed the following sequence; YL < SB < IL < NS < AK, this 
corresponding the reversed sequence for the gasification rate. Solomonet al. had stated that lighter 
hydrocarbon gas evolution during pyrolysis results in formation of crosslinking?) The reaction 
described in the following equation might occur and this might cause deactivation of char. 

ArH + Ar'CHzR - Ar-CHz-At + RH 

Specific surface area (SA) of pyrolytic residues from the sample coals was measured SA was increased 
according to the sequence; IL (160 d / g )  < AK (235) < NS (275) < SB (713) < YL (870). This order 
does not agree with rank (carbon contents) or gasification rate of the sample coals. The lower rank 
coals have relatively larger SA value, this being resulted from decarboxylation reaction at around 
400-500 oc. 
Now, we are conducting TG/GC analyses of the acid- or alkali-leached coals and investigating a 
relationship between their pyrolytic behavior and reactivity. 

SUMMARY 
In this study, we examined the effects of acid- or alkali-leaching of five coals (from brown to 
bituminous coal range) on the rate of catalytic and non-catalytic steam gasification. The results 
obtained were summarized bellow. 
1) HF- and NaOH-leaching of coal could remove 60-90 % of inorganic materials in it. In the case of 
HNOs-leaching, degree of deashing was somewhat small, but this treatment could remove both 
inorganic and a part of organic sulfur. 
2) Acid- and Alkali-leaching of coal could enhance the rate of non-catalytic and catalytic steam 
gasification to some extent. 
3) T G / K  analyses of the sample coals showed the presence of some relationships between reactivity 
of char and amount of CH4-evolution during pyrolysis (related to formation of cross-linking). 
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Table 1. Elemental analyses and ash contents of 
the original and treated coals 

Samples OIC NIC SIC (Wh) deashing (Yo) 
NS coal 

Atomic ratio Ash Degree of 

. . - - - __ 
Original 0.079 0.022 0.003 9.2 

HNO,-leached 0.295 0.064 0.002 6.3 33.4 
NaOH-leached 0.087 0.022 0.004 0.6 93.9 

HF-leached 0.102 0.021 0.003 0.4 96.4 
AK coal 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Original 0.090 0.023 0.008 8.0 
HNOJeached 0.280 0.060 0.006 4.5 46.1 

HF-leached 0.101 0.023 0.008 2.7 68.8 
IL coal 

HNOJeached 0.364 0.065 0.010 8.6 50.8 
HF-leached 0.150 0.016 0.025 4.7 74.3 

HF-leached 0.275 0.015 0.002 1.1 54.4 

___________________-------_-------- - - - - - - -  
Original 0.103 0.016 0.030 16.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SB coal 

Original 0.269 0.017 0.002 2.4 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
YL coal 

Original 0.310 0.006 0.001 1.6 
HF-leached 0.360 0.009 0.001 1.0 36.4 

Table 2. Composition of inorganic materials 
in the sample Coals 

Coals NazO MgO A1,03 SiOp CaO Fe203 
NS coal 0.7 0.8 25.7 62.4 1.9 5.1 
AK coal 1.6 2.0 26.1 55.2 2.2 6.7 
ILcoal 0.9 0.7 19.4 35.4 10.0 27.3 

SB coal 1.3 2.1 20.0 12.8 16.6 11.5 
YL coal 6.0 19.5 1.4 12.6 14.4 33.6 
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Figure 1. Time profile of steam gasification of sample 
coals 
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INTRODUCTION 
Although the predominant use of coal is for combustion applications, more beneficial, reasonable 
and profitable uses may be as a resource for the production of chemicals, and materials, including 
activated carbon. Activated carbons represent a family of carbonaceous substances manufactured 
by processes that develop the carbon’s adsorptive properties (1). They are highly disorganized, 
aromatic lamellae which stack in 3-dimensional space to form porous solids (2-4). They normal- 
ly have a high surface area, high adsorption capacities, and high surface reactivities. They are 
widely used in waste water treatment processes and are gaining increasing popularity for adsorb- 
ing vaporous organic molecules from gnses and liquid phases. They are often the material of 
choice for many environmental applications and can also be used as a catalysts support. 

Coals are a popular parent material for the production of activated carbons. Many workers have 
reported the production of high grade activated carbons from coal (5-17). 

Several problems have kept coals from becoming dominant parent materials. One problem is the 
inherent mineral content of coals. Second, high and low rank coals are thermosetting solids 
which means that the microstructure of the activated carbon produced from these coals is 
relatively fixed. Only minor changes in microstructure can be made by controlling the weight 
loss during the activation process. This phenomena allows for consistency in the product but the 
quality of the product is not optimal. The opposite problem exists for bituminous coals. Bitumi- 
nous coals melt during pyrolysis and the inherent pore structure collapses. The char must be 
heavily activated in order to produce a high grade of product. This can be circumvented by 
oxidation in air prior to the devolatilization step. However, the preoxidation step is difficult to 
control and the consistency of the end product is poor. Thus, bituminous coals give higher grade 
product than the lower or higher rank coals but the product consistency is poorer for the bitumi- 
nous rank coals. Other chemical methods have also been used to prevent pore collapse. All of 
these processes are costly. Besides these problems, little is understood in terms of the basic 
fundamentals that produce a carbon of desired microstructure from a given parent coal. Thus, for 
a given feedstock many tests must be conducted to properly optimize both yield and product 
quality. This paper discusses the production of activated carbon from an Illinois coal with a two- 
and a three-step process. 

EXPERIMENTAL 
The primary objective of this study was to demonstrate that an activated carbon with acceptable 
commercial properties could be made from a -20x100 mesh fraction of an Illinois Basin coal 
(IBC 106). This sample was chosen for its low ash yield and represents a major coal producing 
seam in Illinois. The analysis of the whole coal can be found elsewhere (1 8). Pretreatment time 
and temperature, devolatilization temperature, and activation time and temperature were studied 
as production variables. The carbon products were characterized by C02 single point BET, 
helium density, bulk density, pore volume, and a dynamic toluene adsorption test. 

Figure 1 illustrates the three-step process for producing activated carbon from bituminous coal. 
Direct activation of two oxidized coals was also applied in order to reduce the total production 
time. The figure lists the various conditions for which samples were prepared. 

The oxidation step for pretreating the raw coal was performed in an auto-programmable ashing 
furnace. Approximately 40 grams of coal sample was scattered as a 3 mm thick layer onto a 200 
mesh sieve, and air was passed through the sieve screen at temperatures ranging from 1 50°C to 
250°C. 

The devolatilization and activation steps were carried out in a reaction system arranged as shown 
in Figure 2. The apparatus consists of a nitrogen and air supply system, a metering pump, a 
steam generating unit, a vertical reactor system, and a reaction flue gas cleanup unit. An annular 
sample basket was used in the experiment. To monitor the sample (reaction) temperature, a 
thermocouple (chromel-alumel) was inserted in the center of sample. Approximately 40 grams 
of preoxidized coal was used for each devolatilization step and 10 gm of char during each 
activation step. The air supply and the steam generating unit were used only during the 
activation reactions. The flow rate of nitrogen (for devolatilization) or steam, air and nitrogen 
mixture (for activation) were one literhin. 

A ‘‘Quantasorb’’ solids surface analyzer was used to measure the carbon surface area using 
carbon dioxide single point BET method (19). The helium density measurements were carried 
out in a “Stereopycnometer”, as described by Lowell and Shields (19). The bulk density was 
calculated using the mass of an activated carbon sample and the volume of this sample measured 
in a 5 ml cylinder after 10 tapping times. 
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To evaluate the practical adsorption capacity of the products, a mini-column adsorption system 
was constructed as shown in Figure 3. A saturated toluene water mixture was pumped through 
the column. A data logger was used to record the percentage transmittance (%T), after passing 
the mixture through the column. The mini-column was made of stainless steel, about 8.7 cm in 
length, 3.5 mm I.D. and 6.35 mm O.D. Both ends of the column was plugged with a small wad 
of glass fiber to contain the sample. A charge of 0.2 gm of activated carbon was used for each 
test. 

RESULTS AND DISCUSSION 

The fust try at oxidation of the coal was carried out at 150°C following the studies reported by 
Maloney and Walker (9,lO). The criterion for oxidation success was to treat the coal with air at 
150°C until the coal lost its caking property (did not melt or agglomerate) during a 730°C heat 
treatment in a nitrogen atmosphere. An oxidation reaction at 150°C for 40 hours in flowing mr 
converted the raw coal into the first non-caking, oxidized coal (CxOy 1). The coal gained 1.9 
wt.% during this oxidation step. The oxidation temperature was then increased to 225°C and to 
25OoC, in an attempt to produce the oxidation treatment in a shorter time. The criterion for 
oxidation success was to oxidize the coal until it reached 1.9 wt.?? weight gain (dry). The coal 
was weighed periodically. It took 6 hrs to reach the 1.9 wt.% gain target at 225°C and only 2 
hours to reach the target at 250°C. 

The 250°C reaction temperature was the highest on a practical basis, since the coal ignition 
temperature in this reactor was around 275°C (coal becoming ashed at 275T in the furnace). 
The three oxidized coals (CxOy 1, CxOy 2, CxOy 3) were used for carbon production. The 
reactivity of the chars largely depends on the temperature of the char preparation step and the 
activation-gas composition. It was found in the earlier SIUC study [7] that a 1000°C devolatili- 
zation totally destroyed the original micropores in the unoxidized coal. Char devolatilized at 
500°C seemed to be more reactive than the char devolatilized at 750°C. Since time of activation 
is an important economic factor, a more reactive char is desirable, provided that the char 
produces the desired quality of carbon. 

I 

In this work, Char 1 was gasified at 73OoC to produce the first set of carbon products, 
C1/730/730. The rate of char weight loss is fast during the first several hours of reaction. 
Afterwards, the weight loss rate becomes linear. The carbon surface area develops gradually as 
the weight loss increases. The maximum surface area was reached at 60 hours, with a 63.73 
wt.% weight loss. Activation for more than 60 hours resulted in a decrease in the surface area 
due to the destruction of the walls between micropores inside the particles. 

The gasification temperature was increased to 780°C during the making of the second set of 
carbon products from Char 2. Both Char 2 and Char 1 were made from CxOy 1, while Char 2 
was devolatilized at 500°C in an attempt to preserve the reactive sites in the char. The overall 
reaction rate at 780°C for Char 2 was much faster than that of Char 1 at 730°C. The maximum 
carbon surface area were reached after 17 hours of activation with a 70.93 wt.% weight loss. It is 
noticed in Figure 4 that the maximum surface areas in the production of C1/730/730 and 
C1/500/780 are not on the same point of char weight loss, because their gasification reactions 
were based on the different chars. But the surface area development is similar in both cases. 

CxOy 2 was devolatilized at 500°C to make Char 3, on which activation tests at 780 to 880°C 
were performe$. Surprisingly, regardless of the activation temperature, the maximum surface 
(about 1070 m /g) developed at about 73% bumoff. At higher temperature, it became more 
difficult to obtain the target bumoff. 

The specific surface areas were measured or calculated on a dry basis, which is conventionally 
used in industry. It is of interest to also calculate the carbon surface area on the basis of dry p h  
free (daf). In the proquction of C1/730/730, the value of the maximum surface area (1058 m /g, 
dry) became 1464 m /# (daf). The surfye area value of the carbon after 96 hour activation 
jumped up from 872 m /g (dry) to 1638 m /g (daf). 

The pore volume of a carbon adsorbent is one of the major factors that influence the carbon 
adsorption behavior. This property should normally increase step by step as more and more 
surface area is developed while the coal converts to form porous carbon. As a result, the carbon 
bulk or apparent density should decrease, and the helium (or true) density should increase. 
Figure 5 illustrates the change of pore volume during the gasification step. 

The measurement of each carbon’s capacity for toluene adsorption was the major method used in 
this study to evaluate the applied performance of the carbon adsorbents. These experiments were 
run in a mini-column adsorption system. Toluene is considered as a practical adsorbate which 
represents potential industrial solvents and domestic organic pollutants. 

A UV spectrophotometer was used to monitor the percentage transmittance of the effluent stream 
coming from the column, yielding a time history of percentage transmittance of the flow stream. 
The toluene adsorption capacities of all the carbon products produced in this work are summa- 
rized in Table 1. 

Darco coconut charcoal (Fisher Scientific), a commercial activated carbon, was chosen as the 
reference adsorbent for this study. The “raw” adsorbent with an “as-received” commercial size 
(-6+14 mesh) demonstrates very poor adsorption behavior, probably because of the small ratio of 
particle diameter to tube diameter. The commercial carbon was then ground into the -20+100 
mesh size-range, the same as that of the coal-carbons made during this study, in order to reduce 
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the diffusion distance and improve the adsorption efficiency. 

The toluene “adsorption capacity” of the carbon is defined as the amount of toluene removed 
from the water stream by each gram of carbon. The adsorption capacity in this study is defined 
by the amount of toluene adsorbed before the 5% level (break point) was reached on the break- 
through curve. it took 200 minutes for the concentration ratio to reach the break point with the 
C1/730/730 carbon, which is about 140 minutes longer than with the commercial carbon. 

The C1/500/780 carbon shows the highest adsorption capacity (1.57 g/g) that is consistent with 
its highest surface area. The C2/500/780 carbon also demonstrates a very high adsorption 
capacity, only second to the C1/500/780 carbon. While the C2/500/800, C2/500/840, and 
C2/500/860 carbons have about same high surface area values as the C2/500/780 carbon, they 
exhibit smaller adsorption capacities. 

In consideration of the mass diffusion behavior during adsorption, the C1/500/780 and 
C2/500/780 carbons may have a size-range of micropores that would cause slower toluene mass 
transfer inside carbon particles. This is depicted by the small slopes of the respective break- 
through curves. Another two products, the C2/None/860 and C3Mone/860 carbon, made by 
direct gasification at 860°C on oxidized coals were also produced. They demonstrated quite 
similar adsorption behavior to that of carbon made by char gasification at the same temperature. 

CONCLUSIONS 
It can be concluded from the results of this study that activated carbon adsorbents with accept- 
able commercial properties can be produced from an Illinois Basin coal. A total of nine carbon 
produc9 were produced, seven of these having carbon dioxife specific surface area greater than 
1000 m /g (dry), as compared with the surface area of 547 m /g (dry) measured for a commercial 
activated coconut carbon. All the SIUC products demonstrated better toluene 3dsorption. The 
adsorption capacity of the carbon with the largest pore surface area of 11 14 m /g (dry), corre- 
sponding to 1560 m2/g (daf), is four times greater than that of commercial carbon. The highest 
dafsurface area value was 1638 m2/g, corresponding to 872 m /g (dry). Devolatilization at lower 
temperatures is preferred for the conservation of the reactivity of resultant char. The successful 
production of carbons by direct gasification on oxidized coals indicates that the devolatilization 
process might be ignored if the oxidized 

There have been three pretreatment oxidation temperatures tested in this study. Oxidation at 
150°C probably takes too long (40 hours) to be practical in industry. Oxidation at 2SOoC seems 
to be too strong, causing partial damage of aromatic structure of the carbon. The oxidation 
pretreatment at 225°C seems to be the most feasible oxidation temperature of those evaluated in 
this study. 
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INTRODUCTION 

Despite technical advances to reduce air pollution emissions, motor vehicles still account for 30 
to 70% emissions of all urban air pollutants.’ The Clean Air Act Amendments of 1990 require 
100 cities in the United States to reduce the amount of their smog within 5 to 15 years. Hence, 
auto emissions, the major cause of smog, must be reduced 30 to 60% by 1998.2 Some states like 
California have set stringent laws to clean up severe air pollution. Beginning in 1997, 25% of all 
cars sold in California must qualify as low emissions vehicles (LEVs). By 2005, 75% of the cars 
sold in California must be LEVS.~ This situation has spurred interest in research and development 
of alternative fuels. 

Alternative fuels 
Electricily: Although electric vehicles (EV) do not produce tailpipe emissions, pollution is 
produced at power plants that generate electricity to charge the vehicles’ batteries. If 50% of the 
electricity is produced from coal, 20% from natural gas, and the remaining 30% from nuclear or 
hydro power, then EVs will produce 99% less hydrocarbons, 99% less CO and 60% less NOx, 
compared with conventional gasoline fueled vehicles. However, SOX and particulate emissions 
could increase by a factor of five.4 Other pollutants can also result from the use of batteries in 
vehicles. Water quality and solid waste disposal could be additional environmental problems. EV 
can be used to reduce local air pollution in specific markets such as vehicles for public services 
or urban use where speed and range are not limitations. EVs are also recommended for those 
regions where fossil fuels are not the primary fuel used to produce electricity. 

Methanol, liquefied petroleum gas and hydrogen: Vehicles operating with M85 (85% 
methanoV15% gasoline) or MlOO (pure methanol) have similar CO and NOx emissions to 
conventional gasoline fueled vehicles.’ The largest emission benefit from methanol (MI 00) 
fueled vehicles is their reduced ozone-producing potential (Table 1).6 Emissions from liquefied 
petroleum gas (LPG) fueled vehicles are comparable to gasoline fueled vehicles except for ozone 
formation. Hydrogen fueled vehicles theoretically produce no pollutants except NOx, which can 
be further reduced by lowering combustion tem~erature.~ However, it is important to consider 
that hydrogen is made by coal gasification or water electrolysis, and these processes generate air 
pollutants directly or indirectly. 

Nafural gas: Natural gas can be used as a fuel for vehicles and offers many environmental 
benefits. A natural gas vehicle (NGV) uses a conventional spark ignition engine with only minor 
modifications. Natural gas bums more completely and produces less air pollutants than gasoline. 
There are three technologies for on-board natural gas storage: liquefied natural gas (LNG), 
compressed natural gas (CNG) and adsorbed natural gas (ANG). CNG has been commercialized 
worldwide. ANG uses adsorbents and operates at a much lower storage pressure (500 psig) than 
CNG (3,000 psig), thus has relatively lower capital and maintenance costs. 

There are about 40,000 NGVs in the US and about one million worldwide.’ Emission data 
(Table 2) show that NGVs, compared with conventional vehicles, have significantly lower CO 
emissions due to better mixing of the gaseous fuel, lean fuel to air ratio and lack of fuel 
enrichment to start.’,6, Carcinogenic pollutant (e.g., benzene and 1,3-butadiene) emissions are 
effectively eliminated.6 Because the hydrocarbon constituent in NGV exhaust is dominantly 
methane, which has insignificant photochemical reactivity, emissions from NGV are expected to 
contribute the least to ozone formation (Table 

Natural gas, as an automobile fuel, has emerged as a leading alternative to conventional fuels. 
In the short term, depot-based commercial fleets (e.g., buses and taxis) will be the first 
beneficiaries of NGV because of limited range and lack of fuel-service infrastructure. 
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Improvement in the technologies for adsorbed natural as (ANG) storage will offer significant 
opportunities for reducing capital and operating COS~S.~'~'' 

Adsorbed natural gas 
The key ingredient for successful commercialization of ANG is the adsorbent. The natural gas 
storage capacity of an adsorbent is usually evaluated in terms of its volumetric methane storage 
capacity (VmfVs), where Vm is the volume of stored methane at standard temperature and 
pressure, and Vs is the volume of the storage container. Commercial development of ANG 
requires adsorbents with low costs (< $2.00/lb) and high gas stora e capacities (> 150 V ~ N S ) . ~  
Activated carbons have the most favorable gas storage den~ity.''~ This paper describes some 
methods for producing adsorbent carbon from an Illinois bituminous coal and scrap tires. The 
potential application of these low cost adsorbents in low pressure ANG vehicles is also 
evaluated. 

Coal and scrap tire as parent materials 
Because combustion of Illinois coals is increasingly restricted due to their higher sulfur contents, 
they are being studied as potential precursors for commercial activated carbon prod~ct ion. '~  The 
US has large stockpiles of waste tires, growing at a rate of approximately 280 million tires per 
year." Currently over 80% are landfilled, constituting a loss of significant resources and creating 
environmental problems. If some of these tires are converted into activated carbons, millions of 
tires would be diverted from the nation's landfills. Carbons from these sources may meet the cost 
and adsorption capacity requirements for ANG adsorbents. 

EXPERIMENTAL 

Sample preparation 
Adsorbent carbons were produced from an Illinois coal, IBC-106 (Free Swelling Index: 4.5"). 
The raw coal, provided by the Illinois Basin Coal Sample Pr~gram'~ ,  was ground and sieved 
from -8 mesh to -20+100 mesh and to -100 mesh. The -20+100 mesh portion was used as 
feedstock for physical activation and the -100 mesh portion was used for chemical activation. 
Shredded automotive tires used in this study were obtained from three vendors: Atlas (Los 
Angeles, CA), National Tire Services (Chicago, IL), and Baker Rubber (South Bend, IN). Their 
nominal particle diameters were 3, I and 0.4 mm, respectively. Results from proximate and 
ultimate analyses of the IBC-106 coal and a typical tire sample are listed in Table 3 .  

Adsorbent production 
Carbon adsorbent production by both physical and chemical activation techniques was carried 
out in a bench scale tubular reactor with a horizontal tube furnace (Lindberg; Type 54232). For 
physical activation, a three-step process was applied: coal oxidation in air at 225°C for 2 or 4 h; 
devolatilization of oxidized coal in nitrogen at 400°C for 1 h; and steam activation of the 
resulting char in 50% steam in nitrogen at 800-850°C for 0.5-5.5 h. The air oxidation step was 
performed in an auto-programmable ashing furnace (Fisher Scientific, Model 49SA) with 
unlimited air supply. About 12 g of sample was used during oxidation and devolatilization while 
1 to 2 g of sample was used during steam activation. The gas flow rate during devolatilization 
and steam activation was 1 L/min. For chemical activation, about 2 g of the coal (-100 mesh) was 
mixed with granular KOH (coalKOH mass ratio 1: I )  and ground into a gel-like solid using a 
mortar and pestle. This mixture was then activated at 800°C in 100% nitrogen for 0.5 and 1.25 h. 
After chemical activation, the sample was immediately submerged in deionized water, filtered, 
crushed, and then washed again in deionized water to remove KOH derivatives which may have 
been on the surface of the particles. 

Physical activation of the tires was carried out by a two-step process: devolatilization of 
about 5 g sample tire in nitrogen at 600°C for 45 min; and then steam activation of the resulting 
char in 50% steam in nitrogen at 850-900°C for 0.5-3 h. Chemical activation of the tires with 
KOH was performed in a similar manner to that of coal, except tires were chemically activated at 
900°C for 0.5 to 1.5 h. 

Adsorbent characterization 
BET surface areas and t-plot micropore volumes (micropore volume is defined as the volume of 
pores < I7 A) were calculated based on the nitrogen adsorption isotherms (relative pressure PP6 
0.001 -1) measured with a volumetric adsorption apparatus (Micromentics ASAP2400). Methane 
adsorption capacity, on a mass basis (g/g), at pressures up to 500 psig was determined with a 
pressurized thermogravimetric analyzer (Spectrum Research and Engineering Model TL-TGA 
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1900/600 PTGA). Buoyancy correction was performed for coal-derived carbon when calculating 
the methane adsorption capacity (glq). The true density of activated carbons produced from 
Illinois coal was taken as 2.2 g/cm .I4 VmNs values (cm3/cm') were determined from the 
experimental data obtained with a custom built 4.92 cm' pressurized vessel at 500 psig. 

Pelletization 
Select tire-derived carbons were made into pellets using a 1/4 in. (6.35 mm) diameter cylindrical 
die and manual press. Samples of 100-200 mg were prepared by mixing the carbon with a liquid 
I-step phenolic resin (Durez 7347A, Occidental Chemical) binder. The resin was used at a mass 
ratio of 5-20%. The mixture was then placed in the die and compressed. The die and pellet were 
subsequently heated at 165°C in an oven (Precision Scientific, Model 17) for 5 min to insure 
proper setting of the binder. The die was then removed from the oven and allowed to cool to 
room temperature before removing the pellet. 

RESULTS AND DISCUSSION 

Physical activation 
Properties of several carbon samples produced by physical activation of the IBC-106 coal are 
presented in Table 4. Properties of a commercial activated carbon, BPL manufactured by Calgon 
Carbon Corp., are included in the table for comparative purposes. V m N s  values of coal-derived 
carbons range from 54 to 76 cm3/cm3. These values are comparable to that of BPL. The 
measured VmNs  value for BPL is consistent with values reported by other researchers.15'" 
Select sample products were then ground to minimize their inter-particle space and increase their 
bulk density. Bulk densities of select carbons with initial VmNs  values of 70 cm3/cm3 increased 
by 35% when the -20+100 mesh granular products were ground to -325 mesh. Using this revised 
bulk density and a VmNs value of 76 cm3/cm3 provides a VmNs  value of 103 cm3/cm3. 

Tire-derived carbons were produced from each of the parent tire samples. The tire samples 
from Atlas and National Tire Services were activated with steam. Production conditions and 
properties of tire-derived carbons are also listed in Table 4. Tire-derived carbons have lower 
micropore volumes and methane storage capacities than coal-derived carbons, possibly due to 
their lower bulk densities. For the highly activated samples (TA2), 10% by mass of the original 
tire sample remains. Steam activation probably leads to broadening of pores in the tire-derived 
carbons. Theoretical models have predicted an optimum pore width of 11.4 A for methane 
storage. Even deviations of 2-3 A from this optimal pore size significantly reduces the ability of 
the pore to adsorb methane." Therefore, it is possible that the highly activated tire carbons have 
micropores which have broadened so that many pores are larger than ideal. Pore size 
distributions of sample products have yet to be determined. 

Chemical activation with KOH 
BET surface areas and micropore volumes of the chemically activated carbons from coal (0.5 h 
activation) are significantly higher than those of physically activated carbons. However, the 
V m N s  value for the KOH-activated carbon is lower (Table 4). This is attributed to the resulting 
lower bulk density. Chemical activation of the coal appears to be an effective method for 
producing carbon adsorbents for gas storage, provided that the carbon's bulk density can be 
increased. The methane adsorption capacity (g/g) for KOH-activated carbon is 50% higher than 
that of BPL at 500 psig (Table 4). Carbon sample CI was prepared from the coal without pre- 
oxidation. Its methane adsorption capacity (g/g) is 15% lower than that of BPL at 500 psig. This 
is most likely due to its lower micropore volume. Carbon sample C2 was prepared by pre- 
oxidation for 4 h resulting in a surface area of 1037 m2/g. Pre-oxidation of the coal causes 
increased methane adsorption capacity at 500 psig when compared to BPL or the activated 
carbons prepared without pre-oxidation. 

Tire samples from Baker Rubber were chemically activated since it was closest in size (0.4 
mm) to the crushed KOH. It is desirable to have as much direct contact as possible between the 
KOH and the tire since the reaction involves two solid materials. KOH-activated tire-derived 
carbons have much higher bulk densities than the steam-activated tire-derived carbons, most 
likely due to the chemical reaction between the two solids resulting in the realignment of carbon 
structure. As a result of their increased bulk density, methane storage capacities of the KOH- 
activated carbons are 40-50% higher than the physically activated carbons. 

Pelletization 
Pellets were formed from select tire-derived carbons and chars. In all cases, the bulk density of 
the material increased over 100%. The changes of adsorbent bulk density, micropore volume and 
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V m N s  values are summarized in Table 5. Efforts to make pellets with < 10% binder were 
unsuccessful, The unactivated char was mixed with binder at a mass ratio of 5% (of the char). 
Although pelletization of the TA3 carbon increased bulk density by about 160%, the micropore 
volume was reduced by 50%, resulting in no effective change in VmNs values (Table 5). The 
loss of micropore volume is most likely due to the large amount of binder (1 1%) required to 
make the pellet. The binder may block access to the micropores by covering or filling the pores. 
A micropore volume reduction of about 20% has been reported.'' Micropore volume did not 
seem to be impeded when making a pellet from the TA4 char prior to activation. This result 
cannot be attributed to the amount of binder used with the char. Since significant mass loss 
occurs during activation, the amount of binder in the final activated pellet is roughly the same as 
the TA3 pellet. Instead, the binder does not limit micropore development during activation and 
may actually contribute to the total micropore volume by developing micropores during 
activation. Similar results were observed for the KOH-activated tire-derived carbons. 

CONCLUSIONS 

Activated carbons for natural gas storage were produced by physical and chemical activation of 
an Illinois coal and scrap tires. Volumetric methane storage capacities (VmNs) were measured at 
pressures up to 500 psig. VmNs values of 76 cm3/cm3 are achievable when physically activating 
the coal. This value is comparable to that of 70 cm3/cm3 for BPL, a commercial granular 
activated carbon. V m N s  values exceeding 100 cm3/cm3 were achieved by grinding the granular 
coal-derived products. The increase in V m N s  is due to the increase in bulk density. KOH- 
activated coal-derived carbons have higher surface area, micropore volume, and methane 
adsorption capacity (g/g), but lower volumetric methane storage capacity, than the physically 
activated carbons. The lower volumetric methane storage capacity is due to the lower bulk 
density of KOH activated carbon. Tire-derived carbons have lower methane storage capacity due 
to their lower bulk density, when compared to the coal-derived carbons. Forming pellets from 
tire-derived carbons increases bulk density by as much as 160%. However, this increase was 
offset by a decrease in the micropore volume of the pelletized materials due to the amount of 
binder required in the process. As a result, VmNs values were about the same for granular and 
pelletized tire-derived carbons. Carbon obtained by activating a pelletized tire-derived char 
increased storage capacity by about 20 %. 

ACKNOWLEDGMENTS This research is sponsored by the Illinois Clean Coal Institute 
through a grant (DE-FC22-92PC9252 1) from the Illinois Department of Natural Resources and 
its Coal Development Board and by US DOE, and by the Office of Solid Waste Research 
(OSWR) at the University of Illinois at Urbana-Champaign (OSWR12-7GS) and by the Ford 
Motor Company. 

REFERENCES 

I ,  DeLuchi, M.A. and Ogden, J.M. Transpn. Res. 27 255 (1  989) 
2. USA Today Oct. 23 (1990) 
3. Keller, M.N. Cars pp.59 March (1992) 
4. Johannson, L. ENVIRO 13 11 (1992) 
5. Alson, J.A., Adler, J.M. and Baines, T.M. in Alternative Transportation Fuels Quorum 

Books, New York (1989) 
6 .  Carslaw, D.C. and Fricker, N. Chemistry & Industry August 7 (1995) 
7. Golovoy, A. Proceedings: Compressed Natural Gas SOC. Auto. Eng., Pittsburgh PA (1983) 
8. Seinfeld, J.H. Air Pollution: Physical and Chemical Fundamentals McGraw Hill (1975) 
9. Nelson, C.R. "Physical Sciences NGV Gas Storage Research," Gas Research Institute, 

Chicago IL (1 993) 
10. Wegrzyn, J.,  Weismann, H. and Lee, T. Proceedings: Annual Automotive Tech. Develop. 

Dearbom MI (1992) 
11. Quinn, D.F., McDonald, J.A. and Sosin, K. 207th ACS National Mtg, San Diego CA (1994) 
12. New York Times p. DI May 9 (1990) 
13. Harvey, R.D. and Kruse, C.W. Journal of Coal Quality 7 109 (1988) 
14. Sun, J. MS thesis, Southern Illinois University, Carbondale IL (1993) 
15. Innes, R.A., Lutinski, F.E., Occelli, M.L. and Kennedy, J.V. Reporl AC 01-84CE50071 

16. Parkyns, N.D. and Quinn, D.F. in Porosity in Carbons John Wiley & Sons, Inc. (1995) 
17. Quinn, D.F. and McDonald, J.A. Carbon 30 1097 (1992) 

Washington, DC: US DOE (1984) 

249 



18. Matranga, K., Stella, A,, Myers, A,, and Glandt, E. Sep. Sci. and Tech. 27 1825 (1992) 
19. Kimber, G. Workshop on Adsorbent Carbon, Lexington KY, July 12-14 (1995) 

Table 1, Equivalent ozone-producing Table 2 .  Reduction of emissions from NGV 
potential for select vehicular fuels when compared to gasoline fueled vehicle 
Fuels g of 03/mile Pollutants % Reduction 
Gasoline 3.8 co 76 
M85 (85% methanol in gasoline) 4.7 NOx 75 
M 1 00 ( 100% methanol) 1.8 HCs @on-methane) 88 

LPG (Liquefied petroleum gas) 0.7 1,3-butadiene 100 
CNG 0.2 Benzene 99 

Table 3. Proximate and ultimate analyses of IBC-106 coal (-20+100 mesh) and Atlas scrap tire 
Coal [wt%] Tire [wt%] 

Proximate analysis (as received) 
Moisture 
Volatile matter 
Fixed carbon 
Ash 

Ultimate analysis (dry) 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxveen 

8.3 
37.9 
45.9 

8.0 

70.3 
5.2 
1.5 
3.7 

11.3 

0.9 
3.2 

69.8 
26.2 

86.2 
7.4 
0.1 
1.5 
1.7 

Table 4. Type of treatment and properties of resulting activated carbons that are produced from 

Sample Pre- Activation Surface area Micropore CH, adsorption Bulk 
ID oxidation conditions BET (dry) volume at 500 psig density Vm/Vs 

Illinois coal, scrap tires and BPL 

K h l  K. hl Imz/gl [cm’/gl Wsld [g/cm’] [cm’/cm’] 
C I ’  None 850, 1.5 897 0.330 0.0525 0.33 54 
C2. 225,4 850.2 1037 0.370 0.0643 0.44 73 

T A I ~  None 850.3 888 0.254 0.0540 0.15 44 

TCb.‘ None 850, 1.5 820 0.274 0.33 53 

C3‘ 225.4 825.3 1056 0.410 0.0610 0.44 76 
C4“C None 800, 0.5 1478 0.620 0.0903 0.27 68 

TA2b None 900, I 1031 0.278 0.0530 0.13 41 
T B ~  None 850.2.5 420 0.131 0.24 38 

BPL unknown unknown 1000 0.430 0.0606 0.46 72 

a produced from Illinois coal (IBC-106) 
produced from tire samples from Atlas, National Tire Services and Baker Rubber, respectively 
activated with KOH 
Sample weight at 1 atm CH, used as starting weight for calculation; Data for tire-derived 
carbon obtained without buoyancy correction 

Table 5. Effect of pelletization on bulk density, micropore volume and Vm/Vs of select tire- 
derived carbons 

Sample ID Bulk density Micropore volume Methane storage 

TA3 0.16 0.25 43 
TA3 pellet 0.42 0.13 44 
TA4 activated uellet 0.37 0.23 5 1  

w m 3 1  [cm’kl V ~ N S ,  [cm’/cm’] 

Carbon TA3 and TA4 produced from Atlas scrap tire samples 
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Several standard methodologies are employed to determine the adsorptive properties of 

activated carbon.' These methodologies have, as a common goal, the generation of isotherm data. The 
isotherm data collected, in concert with any of the methodologies, can be used to calculate pore radius 
distributions using the Kelvin Equation: surface areas using B.E.T. and Langmuir Theories, ' 
spreading pressures from the Gibb's Equation,' and adsorption potential distributions using Polanyi 
Theory.6 

Gas phase isotherm data is typically collected by either of two methods.' In the first, the 
concentration of the adsorbate is varied while maintaining the temperature and total pressure of the 
system constant. This method is limited by dificulties in controlling both temperature and adsorbate 
concentration over the time period required to reach equilibrium. In the second method, the pressure 
of the adsorbate is varied while maintaining the temperature of the system constant. This method is 
limited mainly by the achievable system pressures and diffusional constraints. 

Carbon capacities can also be measured by maintaining the adsorbate pressure at some constant 
value and varying the temperature to several known values.' Such isobaric data can easily be collected 
if the system pressure is selected at some convenient value such as atmospheric pressure. Using the 
undiluted adsorbate gas at atmospheric pressure, mass transfer is rapid, especially at high temperatures, 
and equilibrium is quickly achieved. The isobaric data can then be converted into the more useful 
isothermal result using Polanyi Adsorption Theory. Alternatively,' the Dubinin-Radushkevich 
Equation' can be used for the same purpose. In the following sections a method is presented which 
provides a fast, convenient means for collection of isobaric carbon adsorption data. The isobaric data 
is correlated with isothermal data using Polanyi Adsorption Theory.' 

EXPERIMENTAL 

Isobars were determined using a customized instrument fabricated by George Associates 
(Berkeley, Ca.). The instrument was able to attain temperatures of -150°C to 600°C with positive and 
negative temperature ramping capabilities. 

Frocedures 
- All isobars were performed at atmospheric pressure. Gravimetric determinations were 

performed once the system had reached both thermal and mass equilibria as indicated by no more than 
a 0.1 "C change in temperature over one minuta and no more than a 0.2 mg weight change over the 
same period. Samples were conditioned at 250°C in nitrogen prior to the determinations. Pure methane 
or ethane was adsorbed onto the sample in a series of 10 individual steps which were accomplished 
by incrementally decreasing and holding the temperature at each'of several levels. After completing 
the adsorptive process, the methane or ethane was desorbed in a similar manner by increasing the 
temperature step-wise to the starting value. The amount of adsorbate loading was dculated as the 
mass difference between the equilibrated and the conditioned sample after making corrections for 
buoyancy effects. 
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Isotherms - Ethane isotherms were determined using granular material that had been previously dried 
in air at 150°C for three hours. Isotherms were performed at 25.0 * 0.1"C in a water bath. The 
adsorbate gas was passed through a copper heat exchanger prior to contacting the carbon which w88 
contained in a glass u-tube in the water bath. Gas flow was maintained until the mass change of the 
sample was less than 5 mg over an eight-hour period. 

Methane isotherms were performed by the volumetric expansion method. A known volume and 
pressure of methane was allowed to expand into a vessel containing the activated carbon under 
vacuum. The amount of methane adsorbed was determined from the change in pressure of the system 
taking into account the void volume of the vessel containing the activated carbon. Void volumes were 
determined using helium expansion. The system was thermostatted at 25.0 * 0.1"C. Sarnples were 
conditioned at 100'C under vacuum for 6 hours. No difference in adsorption capacity was observed 
when the samples were conditioned at 2SO'C. 

Methane and ethane were chosen as the adsorbate compounds. These molecules lack any 
significant dipole or induced dipole characteristics9 such that only van der Waals interactions with the 
carbon are important. Within the temperature bounds of the isobars, both methane and ethane are 
stable with the exclusion of oxygen and the avoidance of catalytic metals. 

Isobars can be presented as a plot of adsorbate capacity versus adsorption energies by 
employing Polanyi Theory. Following Polanyi Theory, the energy of adsorption, E, is equal to the 
work required to take a molecule from the bulk phase to the adsorbed phase according to the following 
relationship: 

wheref, is the saturation pressure fugacity of the zdsorbate at temperature T("K),j is the vapor 
fugacity of the adsorbate, and R is the gas constant. For isotherms, T is hild constant while f is varied 
either by changing the concenmtion of the component in a diluent stream or by varying the absolute 
pressure of the adsorbate. For isobars, the temperature of the adsorbate or probe gas is varied thereby 
changing the value off.. 

can be calculated at any temperature below the critical temperature by use of the Antoine 
Equation and Peng-Robinson EOS. Above the critical temperature, the following expression was used 
to calculate the saturation pressure:" 

Adsorbed phase densities were calculated according to the following equations:"*" 

n =  
To - T 
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Where V, and V, are the adsorbed phase molar volume and molar volume of the adsorbate 
liquid at the normal boiling point temperature, respectively. b is the van der Waals volume. 

The isobar adsorption and desorption loadings for a single adsorbate onto a specific carbon are 
plotted as a function of E as shown in Figure 1, As can be seen, the data points define a smooth curve 
that is typical for all carbons examined to date. The regularity of these data can be easily described by 
fitting the data to a polynomial of seventh order or less. The curves which can be described by the 
adsorption and desorption polynomials, are essentially collinear. This result clearly shows that 
equilibrium conditions were established at each isobaric point. No adsorption-desorption hysteresis 
has, as yet, been observed for any activated carbon using this technique with methane or ethane as 
probe gases. The smooth isobaric curves illustrate why it is not necessary to collect large numbers of 
adsorption and desorption isobaric points or to collect isobaric points at corresponding temperatures. 
This not only simplifies the method for generation of the isobaric data but also provides a significant 
advantage over isothermal techniques where temperatures need to be accurately known and precisely 
controlled. For the case of the isobaric techniques, the carbon and adsorbate gas need only to be in 
thermal equilibrium at a precisely known temperature. The Dubinin-Radushkevich Equation provides 
an alternate means of describing the data. The form of this equation is the logarithm of the volume 
adsorbed versus the square of E.', '~ 

By use of Equation 1, E values can be calculated from isotherm data as well as from isobar 
data. This provides a convenient way of reducing the data for comparative purposes. For example, 
Table 1 presents the E values for each isotherm concentration as well as the temperature of the pure 
component isobar at equivalent E values. Once the data have been reduced to a common scale, with 
reference to the E-parameter, comparisons can be made between the techniques. A graphical 
representation of this comparison is given in Figure 2 for a single carbon. As can bc seen, the isobar 
and isotherm data are essentially interchangeable at the individual ~-values. Therefore, this technique 
provides a convenient method to generate simple isotherms from isobaric data. Table 1 also illustrates 
the advantage of the isobar technique to generate adsorbate loadings at various pore energies. In the 
case of ethane, an increase in temperature from 25"C-to-22O0C is equivalent to reducing the 
concentration or partial pressure of the adsorbate by two orders of' magnitude. The operating 
temperature range for isobar determinations for ethane from -76 to 250°C is equivalent to greater than 
a three order of magnitude change in isotherm concentration. When utilizing the isotherm technique, 
this reduction in concentration to the resulting low adsorbate concentration levels requires the 
consumption of large quantities of adsorbate gas and extended time periods in making isotherm 
determinations. 

The average relative standard deviation for the isobaric technique was 8.7% versus 4.3% for 
the isotherms. A statistical comparison of the variances of the isotherms versus isobars was made 
using the F-test at the 0.05 statistical level. The variance of the methane and ethane isobars versus the 
respective isotherms was found to be equal. This analysis was based upon the use of three replicates 
for both of the experimental techniqup for the six carbons investigated. 

Table 1 presents a summary of the average errors between the isotherms and isobars. No 
systematic errors were observed between the two techniques. Differences were examined using the 
student's T-test at the 0.05 statistical level. The methods were found to produce equivalent results over 
the adsorption energy range studied. 

A method has been demonstrated that permits the generation of isotherm data from isobaric 
data. The method is rapid and generates estimates of isotherms with an accuracy and precision 
comparable to those generated by traditional means. The principal advantage of the isobar procedure 
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1 is that equilibration is rapid as higher temperatures and neat adsorbates are used. A span of greater than 
three orders of magnitude infJfcan be attained by varying the temperature of the system by several 
hundred degrees. The time required for the analysis is typically about four hours, whereas the time to 
perform isotherms which span the same energy region would require days-to-weeks to gain an 

'I 
I 
1 

equivalent amount of information. 

Future directions in our research program will include the correlation of the isobar data with 
isotherm results from other classes of compounds. The achievement of such correlations will greatly 
enhance the utility of a variety of carbon performance predictive models. The models that would 
benefit most from this method are those that depend upon the determination of single component 
isotherms over a wide adsorbate concentration range for a specific carbon. I 
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Table 1 
Equivalence in Adsorption Energies for Isotherms and Isobars 

I 

Average Error Between 

-n 
-3.3 -5.1 

i i I 

Figure I 
Adsorption and Desorption Iwbars 
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Figure 2 
Cornprlson of ibotherms and Isobars 
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INTRODUCTION 
A new model for analyzing gas-solid equilibria in porous materials has been developed. 

Adsorption experiments with several probe gases and a commercial carbonaceous adsorbent have 
been analyzed using a multiple process adsorption model in which the capacity of each process, i, 
is calculated in millimoles per gram of adsorbent (ni,+) and the equilibrium adsorption constant 
for each process i is given as Kid. The associated enthalpies of adsorption (-AHw) were 
determined from adsorption measurements conducted at multiple temperatures via the van't Hoff 
equation. Since the values of ni- for each process are temperature independent, adsorption at 
other temperatures introduces only new Ki,ad, values. 

The effects of porosity and surface area on the adsorptive properties of porous materials 
should be considered when selecting a porous material as an adsorbent. Work in our laboratory 1 

4 ' ,' has shown that in catalyst doped adsorbents, small pores tend to concentrate reagents providing 
for better catalytic activity. An understanding of the pore size distribution and accessible surface 
area of solids is useful in selecting a suitable porous material for the adsorption of gaseous and 
liquid substrates. The BET equation has been the standard for many years in the determination of 
the surface area of porous materials. Although generally accepted, the BET equation has 
limitations, and as a result, has received some criticism in recent years. Our research efforts have 
been focused on developing a new gas-solid equilibrium model which is capable of providing 
information into the adsorption capacity of porous materials as well as thermodynamic data 
corresponding to the enthalpies of adsorption and equilibrium constants for adsorption of various 
sorptives. 

EXPERIMENTAL 
Approximately 0.3g of Ambersorb"572, a commercially available carbonaceous 

adsorbent, was degassed (<IO4 torr) for a minimum of 8 hours at 200°C prior to each adsorption 
experiment. The sorptives chosen were selected to encompass a wide range of properties. 
Nitrogen, CO, and CH, are non-condensible adsorptives at the temperatures examined and are 
non-polar, polar and polarizable sorptives, respectively. Propane, SO2, and NH3 are condensible 
sorptives at the temperatures studied and are polarizable, acidic, and basic, respectively. All 
gases were of 99.99% purity and required no further purification. Gaseous uptake measurements 
were performed on a Micromeretics ASAP 2000 analyzer using a 36 point pressure table ranging 
from 1 torr to 760 torr. Low temperature adsorption measurements were performed with the aid 
of solvent /liquid N1 baths to give the desired temperature. 

RESULTS AND DISCUSSION 
Adsorption measurements to determine porosity and surface area of porous materials have 

long been evaluated by the BET equation 4(Equation 1) 

(1) 
x -  1 (C-l)X ---+- 

n(l-x) CNm CNm 

where n = moles of gas adsorbed, N, = total moles adsorbed, and x = P/P" with P = equilibrium 
pressure in torr and Po = 760 torr. The values N, and C are obtained from a linear plot of x/n( 1-x) 
vs x. The equation is only applicable in a pressure range of 0.05 to 0.3 torr. The BET C constant 
(Equation 2) is a complex quantity related to the equilibrium constant for monolayer adsorption 
(Ki,&) and multilayer adsorption (K,d) along with 

contributions from the enthalpy of adsorption of the monolayer (Q-,,) and multilayer (Qdti). 
The components of Equation 2 are not resolved, so C is difficult to interpret.'*' 
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Our research has focused on the development of a multiple process adsorption model’ 
which is applicable over a wider pressure range and is presented in Equation 3. The adsorption 
isotherm is resolved into individual adsorption processes (n,) and equilibrium constants for 
adsorption (K,+,j.J for those processes using Equation 3. 

‘1 

Here Ntal = total moles adsorbed per gram of solid, P = relative equilibrium gas pressure in torr, 
n; = number of millimoles of process i, and K;,+& = the equilibrium constant for adsorption for 
process i. From the equilibrium constants calculated from multiple temperature adsorption 
experiments, a direct thermodynamic measure of the enthalpy of adsorption , -AH;, for each 
process can be calculated. Table 1 lists the nlads values and corresponding equilibrium constants 
(K,,&*) that have been calculated from our multiple process adsorption model. One can see in the 
values for K;,.&, that as the polarizabilty of the sorptive increases so does the affinity for 
adsorption, Table 2 lists the enthalpies for the adsorpOon processes, -Mi,& that have been 
calculated based on the temperahue dependency of Ki& One can see that the calculated 
enthalpies are greater than the reported heats of vaporization of the gases and that they fall within 
the accepted range for physisorption processes (2-12 kcaYmol). 

Once the best n, and Ki values for each process have been determined by a modified 
Simplex fitting routine capable of fitting multiple temperature adsorption data, the adsorption 
isotherm can be separated into the individual adsorption processes. Figures 1 and 2 show the 
individual adsorption processes for propane and methane adsorption by Ambersorb@’ 572 at 25°C. 
Three adsorption processes were found to be occurring at the same time, however, process 1, 
which corresponds to filling the smallest accessible pores, finishes before the entire adsorption 
process is complete. It should be clarified that the pores accessible to the sorptives will depend on 
the size of the probe, and that not all of the pores accessible to C& will be accessible to propane. 

In contrast, standard N2 porosimetry analysis at 77K reports a micropore volume of 0.45 
ml for A-572. If one multiplies the ni,sds values obtained for propane and methane adsorption by 
the corresponding molar volumes of the sorptives, one gets 0.41 ml for the total adsorption 
process for propane, and 0.25 ml for the total adsorption process of methane. The results indicate 
that the multiple process adsorption model may be able to distinguish pore size distributions in 
the reported micropore region of porous materials. 

CONCLUSIONS 
A multiple process adsorption model has been developed to analyze gas-solid equilibria in 

porous materials. From this model, one is able to calculate the number of millimoles (nd) and 
the corresponding equilibrium constants (K!gtir) for each adsorption process. Enthalpies of 
adsorption for each process can be calculated from the temperature dependency of K i d .  
In contrast to the standard BET approach, this multiple process adsorption model has the potential 
for distinguishing the micropore distribution in porous materials as well as providing important 
thermodynamic data not readily obtainable from the BET method. 
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Figure1 : Propane Adsorption by A-572 
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INTRODUCTION 
The term, activated carbon, is a generic name for a family of carbonaceous materials with well-developed 

porosities and consequently, large adsorptive capacities. Activated carbons are increasingiy being consumed 
worldwide for environmental applications such as separation of volatiles from bulk gases and purification of 
water and waste-water streams. The global annual production is estimated to be around 300 million kiIogramS, 
with a rate of increase of 7% each year [l]. 

Activated carbons can be prepared from a variety of raw materials. Approximately, 60% of the activated 
carbons generated in the United States is produced from coal; 20%. from coconut shells; and the remaining 20% 
from wood and other sources of biomass 121. The pore structnre and properties of activated carbons are 
influenced by the nature of the starting material and the initial physical and chemical conditioning as well as the 
process conditions involved in its manufacture 131. 

The conventional method of manufacturing activated carbons involves two steps. In the first step, the raw 
material, usually of lignocellulosic origin, is carbonized in an inert atmosphere. The second step entails the 
physical activation of the resulting char of a low adsorptive capacity with either steam or carbon dioxide at a 
temperature usually exceeding 8Wo C 141. The significance of these two steps have been described in detail 
elsewhere [SJ. 

Although the general two-step procedure for generating activated carbons from lignocellulosic 
precursors has been well documented in the Literature, knowledge of the specific variables involved is essential 
for a particular feedstock for developing the porosity and adsorptive capacity sought in a given application. In 
this sense, the current work investigates the evolution of the porosity of activated carbons generated from the 
pyrolysiis and physical activation of novel feedstocks with a very low content of ash - kernels of cereal grains such 
as corn and hard red winter wheat (HRW). These grain kernels, either edible or off-grade are abundant and 
relatively inexpensive. The porous structures of both non-graphitizable charcoals obtained by tbe carbonization 
of the kernels and those of the resulting activated carbons have been characterized by the methods of 
physisorption. Specifically, the total micropore volumes and skface areas have been determined at various 
temperatures of carbonization and degrees of activatioa Furthermore, an investigation of the probable fractal 
nature of the pore interfaces of a representative sample of HRW charcoal has been conducted through 
small-angle X-ray scattering. 

THEORETICAL 
Small Angle X-ray Scattering 

X-rays are scattered primarily by the electrons of an irradiated material. The distribution of electrons 
throughout the material is not homogeneous, and the electronic density (number of electrons I unit volume) 
vanes in different regions of the sample. Small-angle X-ray scattering (SAXS) by a material occurs as a 
consequence of this inhomogeneity in the electron density existing on length scales appreciably larger than the 
normal distances between atoms 16, 7J. As a result, the structures of various disordered materials can be  
investigated by SAXS over length scales varying from 5 to 4Mx) A [SI. A schematic of a typical SAXS system is 
shown in Figure 1. Conventionally, small angles imply that the values of the scattering angle, 28, are no 
greater than 6 degrees. 

The relationship between the intensity of the scattered X-rays, I(q), and the scattering wave-vector, q, for 
a porous material has been described in detail elsewhere [9, lo]. Of relevance to this work is the scattering from 
systems of isotropic, i.e., randomly oriented, independent scatterers, with an average particle or pore dimension, 
d, wherein I(q) can be approximated by the Guinier equation 

for values of qd not appreciably greater than 1.0 161. The mean radii of gyration of the scatterers, R , can be 
evaluated in this regime from the slope of a plot of the natural logarithm of I(q) versusgq2. A n  
order-of-magnitude estimate of d is obtainable from R if the shape and charge distribution of the scatterers are 
known; usually, 2R -= d 4 3.5 R 1111. Specifically, f the system of scatterers can be assumed to be composed 
of identical, spheri% pores of radkr,, , then the relation, r,, = 1.3 R , can be plied to obtain r, 16). 

The scattered intensity has been shown to be proportional to i-4 or €+-T[6, 121 when the boundaries of 
the pores can be considered as smooth, ie., free from irregularities. When the surfaces of the pores are fractal 
[13 -151, the scattered intensity takes cognizance of the surface irregularities, and can be described by the 
following relationship for values of qd far greater than 1.0 110, 161 

I ( d  = exp I - (qRg) / 3 1 (1) 

I(q) =I 1, 6 ' No r (5-dsF) Sin I 0.5 7( (dsF1) I/ q (6-dSF) (2) 

(3) 
or equivalently, 

where I, is a constant, and dSF is the surface fractal dimension. Since dSF is bounded in the interval between 
2.0 and 3.0. it is obvious from Ea. 3 that R can take on values between 3.0 and 4.0. When dcc amroaches 3.0. 

I(q) = I ,  q - a ; a  = 6 - d ~ ~  

ar  '1 

however, I(q) vanishes according to Eq. 2; this apparent dilemma has been discussed at length elsewher; 
[9,10,17]. 

EXPERIMENTAL, 
Treatment of Raw Material 

Whole grain kernels of corn and hard red winter wheat (HRW) were procured from a local source. The 
hull, i.e., the outer portion or the pericarp, constitutes a very small fraction of the total weight of the kernel, 
especially for corn. The moisture content in the grains, as determined by air-drying, was around 10%. The 
kernels were carbonized batchwise in 2-3 gram lots in an inert atmosphere of nitrogen flowing within a 
bench-scale tubular furnace [lS]. Each batch of kernels was placed in a vertical, cylindrical wire-guaze reactor 
suspended inside the tubular reactor. The retention time of the kernels in the reactor was sufficient to allow 
complete devolatilization at a specified temperature of carbonization or pyrolysis; hence, the resultant charcoals 
were deemed terminal. These charcoals were obtained from the pyrolysis of the kernels in a single-stage as well 
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as a two-stage process. The single-stage process carbonized the kernels in one single step at a specified 
temperature. The twc-stage process carbonized the kernels at a low temperature in the range from 250 to 300" 
C followed by that at a specified temperature. The kernels were pyrolyzed over a temperature range of 250 to 
8 W  C. The charcoals generated by both procwses were rapidly cooled to room temperature by quenching in a 
stream of nitrogen gas of 99.99% purity. 
Physical Activation 

The experimental set-up-for the physical activation of the ensuing charcoals with CO2 gas of 99.5% 
purity, was similar to that for carbonization. The vertical configuration of the reactor ensured that the reactant 
gas was forced directly through the char bed, thus minimiang the influence of tilm mass transfer resistances 
during activation. The charcoals after activation for the desired period of time, deemed as activated carbons, 
were purged in a stream of nitrogen of 99.99% purity. The activation was performed at a temperature of 850" 
C, for durations ranging from 0.5 to 6 hours. 

J 

Characterization of Charcoals and Activated Carbons 
Both charcoals and activated carbons obtained were characterized by nitrogen adsorption at 77.4 K A 

fuUy automated Nova-1200 instrument mannfachued by Quantachrome Corporation determined the volumes 
adsorbed at various relative pressures. The duration of adsorption for each data'point was approximately one 
hour in all the measurements. The surface areas were calculated by the BET method while the total micropore 
volumes were estihlated by applying the D-R equation (191. 
Small Angle X-ray Scattering 

The X-ray scattering data were obtained with the aid of the S A X S  system at the National Center for 
Small-Angle Scattering Research, Oak Ridge, Tennessee. The wavelength associated with the X-ray 
measurements was 1.54&. The data on the scattered intensities were corrected for the effects of background 
scattering, slit-length coIlimation, and photoelectric absorption by the sample [11,22]. 

RESULTS AND DISCUSSION 
Pyrolysis 

The elemental compositions of the two grain kernels are compared in Table 1; they are similar in that 
their contents of ash, is., mineral matter, are low. Table 2 lists the terminal yields of the charcoals obtained 
hom the single-stage pyrolysis of the grain kernels at various temperatures. The yield for HRW is always higher 
than that for corn at each temperature of carbonization. This may be attributable to a higher weight ratio of the 
hull to the kernel in HRW than in corn. 

The yields of charcoals obtained from the single-stage process and the corresponding two-stage process 
are compared in Table 3. It is evident that the yield of each species obtained from the former is lower than 
that from the latter, particularly for HRW. Note that the temperature of pyrolysis for the first stage of the 
two-stage process has been optimized to maximkc the surface areas of the resultant charcoals as determined by 
the BET method. This optimum temperature is approximately 270 C. ' 

The surface areas of charcoals obtained from the two kernels by both processes are displayed in Table 4 
for various temperatures of carbonization. The table indicates that the surface areas increase sharply at 
temperatures ranging between 650' C and 7M)' C. This increase corresponds to the complete breakdown of the 
initial cellulosic skeleton of the grains and the formation of a three-dimensional network composed of 
subunits known as elementary crystallites [XI]. A distinct reduction in the surface areas, however, is observable 
when the temperature of pyrolysis exceeds 750' C; this is attributable to the effects similar to those involved in 
graphitization 1201. Also note that the surface area of the HRW charcoal by the two-stage process is nearly 
twice as high as that by the corresponding single-stage process, while that of the corn charcoal is not affected as 
much. Further work is anticipated to facilitate the rationalization of this observation. 

The experimentally obtained adsorption isotherms are shown in Figure 2 for the charcoals generated by 
both processes at different temperatures of carbonization. The isotherms are clearly of Type I 1211, typical of 
microporous materials. The enhancement of the microporous nature of the HRW charcoal from the 
single-stage process with an increase in the temperature of carbonization from 700 to 750' C is evident. 
Furthermore, the volumes adsorbed by the charcoals produced by the two-stage process are considerably higher 
than those by the corresponding single-stage process at all relative pressures. Note, however, that these volumes 
have been determined under conditions of pseudo-equilibrium. The drawbacks of nitrogen adsorption to 
characterize microporous solids are well known 13,211; nevertheless, the volumes adsorbed by the charcoals at a 
given relative pressure can be compared with one another, since the duration of adsorption in each case is 
identical and sufficiently long. 
Physical Activation 

The BET surface areas of activated carbons obtained from the physical activation of the two charcoals 
generated by both processes, are presented in Table 5 for various degrees of bum-off. The maximum value 
attained for the surface area is 1750 m2/ g, corresponding to a HRW activated carbon with a burn-off of 
approximately 60%, as shown in the table. This carbon has been obtained from the HRW charcoal generated by 
the two-stage process at 7W0 C. The total micropore volume, W,, estimated from the D-R equation [19) for 
each activated carbon is also listed in Table 5. The general trend exhibited by the surface areas and W,'s of 
most commercial activated carbons with an increase in the degree of burn-off 131 is clearly discernable. 
However, the maximum surface area of activated carbons produced from corn charcoals generated by both 
processes does not exceed 700 mz /g. The limiting factor in enhancing the development of their surface areas is 
the low density and hardness of the feedstock. The loss of strength and hardness experienced by the corn 
charcoals is appreciable, especially when the degree of burn-off exceeds 30%. Consequently, there is a 
constraint for developing the microporous nature of these activated carbons. 

The nitrogen adsorption isotherms of the aforementioned activated carbons of HRW are shown in 
Figure 3; similar isotherm have been obtained for those of corn and hence, have not been illustrated. Note 
that the volumes adsorbed near the vicinity of the "knee" of the isotherm are considerably higher than those for 
the corresponding charcoals shown in Figure 2. This effect is expected as the purpose of physical activation is 
to remove tarry deposits generated by the carbonization process from the entrances of narrow pores as well as to 
widen &sting pores, thereby increasing the accessibility of the finer pores to molecules of adsorbate. 
Consequently, an appreciably larger internal surface area is "seen" by nitrogen in these activated carbons. 
Small-Angle X-ray Scattering 

The corrected scattering curve for a HRW charcoal generated by the single-stage process at 700' C is 
depicted in Figure 4. The charcoal sample has been chosen to illustrate its unique scattering behavior. Note 
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that the intensities are expressed in dimensionless Units, is., relative to an arbitrary system of measurement in 
terms of counts per second. Thus, the plot involves the relative rather than the absolute intensity since the latter 
requires determining the cross-sectional areas of the scattering medium, a task not done in the present work. 

interval spanning nearly three orders 
of magnitude in values of q ranging from 3.7 x 10 -4 A3 to 9.3 x 10 -2 A? This large range in q or equivalently, 
nine orders of magnitude in I(q), is unprecedented and rarely encountered in SAXS analysis. To date, the only 
other material that has exhibited a similar scattering behavior over a comparable range in either q or I(q) is 
Beulah lignite coal [E, 161. This type of scattering is yet to be fuUy understood; it is plausible that the average size 
of the macropores in this charcoal is so large that it satisfies the condition, qd being far greater than 1.0, even 
near the smallest values of q resolvable by experiment [E]. Accordmgly, the minimum value of d for this sample 
is25WA. 

In the outer part of the curve, the intensity is observed to decay much more slowly relative to the 
power-law repion. This slowly-decaying outer part is ascribed to the scattering from the micropores [22, 231. 
Hence, the porous structure of the HRW charcoal can be characterized by two different length scales 
corresponding to the macropores and micropores. Therefore, the total intensity scattered can be considered to 
be the sum of the intensities from the two types of pores provided that they scatter independent of each other. 

A prominent power-law regime is discernable . Figure 4 over 

Surface Fractal Dimension from SAXS 
The exponent, a, in Eq. 3 has been recovered from weighted, fist-order least-square fit of the data [%I, 

over the range of q shown in Figure 4. This procedure assigned a weight to every data point of the corrected 
intensity that is inversely proportional to the square of the calculated statistical uncertainty in the value of the 
corrected intensity [lo]. The value of a thns obtained for the HRW charcoal is 3.55 t 0.10, over the interval, 
3.7~ A-' c q -= 9.3 x 10-2A-' . The non-integral value of a implies that the interfaces of the pores of the 
charcoal, producing the scattering in this range of q. can be considered to exhibit fractal properties, or 
alternatively, the power-law distribution of these pores can be associated with a non-integral dimension (14,231. 
Consequently, the dsF for this sample evalnated on the basis of Eq. 3 is 2.45 f 0.10. 

The length scales, E ' s ,  corresponding to the power-law regime can be estimated from the approximate 
Bragg relation, E = n / q [U]; hence, the property of geometrical self-similarity is satisfied over yardsticks 
ranging from approximately 35 A to 8500 A. From this size range, it is evident that the interfaces of the 
macropores as well as those of the mesopores of the HRW charcoal are surface fractals [9]. This fact is yet to be 
verified by other techniques such as scanning electron microscopy and atomic force microscopy. Nonetheless, 
marked increases are expected in the values of dSp'S for the grains upon carbonization [lo]; the degradation and 
subsequent rearrangement of the carbon skeleton combined with the violent release of the volatile matter are 
likely to generate rough interfacial surfaces. Considering the unusually large span of the length scales associated 
with the self-similar behavior of the pores, however, the results of the present investigation should be interpreted 
with discretion until it is fnlly corroborated by evidence from independent techniques. We are in the process of 
analyzing the SAXS behavior of other charcoals and activated carbons obtained from the grains under different 
process conditions. It is desirable to compare and contrast the scattering behavior of these charcoals and 
activated carbons and interpret the results based on similarities / differences expected in their pore structure. 
Mean Radii of Gyration 

The mean radii of gyration, R , of the micropores of the HRW charcoal has been obtained by applying 
the Guinier equation, Eq. 1, to the k t e r  portion of the cnrve shown in Figure 4. Note that this equation is 
valid only when the product, qR is not appreciably greater than 1.0. Furthermore, the scattering system must 
be composed of randomly oriengd, independent scatterers [ll]. The R thus obtained for the HRW charcoal is 
approximately 6.7 A. The intricacies involved in the procedure for cofnputing R from the Guinier plot have 
been expounded elsewhere [lo]. This value of R or equivalently, the average p o k  size d, compares favorably 
with the characteristic average dimension of the kcropores, B, computed from the D-R equation (191. Hence, 
the analysis has revealed that the results from SAXS are consistent with those obtained from adsorption data. 

SUMMARY 
Whole grain kernels of HRW and corn are potentially viable feedstocks for producing activated carbons 

with high surface areas. These activated carbons have been obtained by the physical activation of charcoals 
generated by a single-stage as well as a two-stage pyrolytic process at 850" C in an atmosphere of C02 For 
both kernels, the terminal yield of charcoals and the surface areas of the corresponding activated carbons 
obtained by the two-stage process at various temperatures of carbonization are appreciably higher than those by 
the single-stage process. Moreover, the surface areas and the total micropore volumes of the HRW activated 
carbons, produced from charcoals generated by the two-stage process at an optimum temperature of 700" C, 
are comparable to those of commercial carbons. The investigation has also shown that whole grains of HRW 
are preferable to those of corn, on account of the superior textural characteristics of the resulting charcoals and 
their greater resistance to abrasion during the activation process. The SAXS analysis has revealed the fractal 
nature of the interfaces of pores over unexpectedly large length scales in a HRW charcoal chosen for illustration 
as a representative surface fractal system. In addition, the SAXS analysis has contirmed the existence of two 
independently scattering entities of vastly different dimensions in this sample. These results obtained from the 
pyrolysis of a naturally occurring product may prove to be beneficial for investigating the influences of fractal 
surfaces on the rates of heterogeneous gas-solid reactions. 
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INTRODUCTION 
The driving force behind the development of this research project has been the increasing concerns 
about the detrimental effects of high carbon carryover into combustion ash. Without the carbon, 
combustion ash can be utilized in cement industry avoiding environmental implications in landfill 
operations. Because the carbon surfaces have been structurally altered while passing through the 
combustor, including the formation of amacro-porous surface, fly ash carbons, after separation from 
the ash, may constitute a unique precursor for the production of adsorbents. This paper discusses 
a novel approwh for using fly ash carbons in the cleanup of organic pollutants. 

Fly Ash Carbon 
Fly ash carbon may take a special place amongst the carbon materials that are produced either as a 
major co-product (e.g. in the pyrolysis of different starting materials for the production of liquids 
and gases) or processed primarily for the manufacture of active carbons and carbontarbon 
composites. The fly ash carbons occur in the residual coal ash as a result of the incomplete 
combustion process. Due to the increasing applications of activated carbons 11, this study has been 
focused on the preparation of cost-effective adsorbents as a substitute for activated carbon materials. 
Today, only few efforts have been made to investigate the advantages of fly ash carbons as a starting 
material to produce a powerful adsorbent I*‘. The main objective of this study, therefore, has been 
to explore the possibility of using fly ash carbon as an adsorbent for the removal of organic 
pollutants including phenols. 

Manufacturing and commercialization have not yet been considered for the fly ash carbons, mainly 
because there still prevails a number of problems related to fly ash carbons. A critical impediment 
to the utilization of fly ash carbon is the fact that these particles need to be recovered from the ash. 
Recently the removal of the carbons from fly ash has received major attention, because the mandated 
lowering of NO, emissions as a consequence of the Clean Air Act, resulted in an overall increase 
of unburned coal particles in the ash 56. This has significant consequences in terms of utilization 
potential of the ash. Carbon separation allows the recovery of a low LO1 (loss on ignition) ash 
suitable for cement applications >’, but also entails the concentration of unburned carbon particles 
that have undergone partial carbonization in the combustion furnace. Once the carbons are 
recovered the topics that are focused on in this study are (1) what controls the optimum amount of 
pores in the fly ash carbons, (2) what influences surface morphologies and surface functional groups, 
and ultimately (3) what controls the potential of fly ash carbons to be activated and upgraded to a 
commercial product. It should be recognized in this paper that the word carbon is used 
interchangeably with unburned coal particles. 

MATERIALS AND PROCEDURES 
C P  
The concentration of unburned carbon particles in fly ash varies greatly among ashes produced by 
different utilities, and the nature of the microscopic carbon forms can also be distinct ’-lo. The fly 
ash carbons are composed of three petrographically distinguishable types, namely, inertinite, 
isotropic coke and anisotropic coke; the absolute quantities of which may vary depending on feed 
stock and boiler conditions ’. Both coke forms are most likely derived from vitrinite macerals and 
are artifacts of incomplete combustion. Inertinite is relatively unreactive in the thermal processing 
of coal and occurs essentially unaltered in the fly ash, while “coke” is produced from melting, 
devolatilization, swelling, and resolidification of the reactive macerals vitrinite and liptinite. 
Samples were derived from Midwestern power stations after NO, conversion. The proportions of 
isotopic : anisotropic coke: inertinite in 21 fly ashes are shown in Figure 1, indicating that 
petrographically fly ash carbon fits into three broad ranges. 

The residence time of the fly ash carbons in the h e  causes the particle surfaces and in some 
types of coal particles the entire grains to be perforated with submicron-sized pores. Extensive 
parallel Orientation of individual crystallites in the carbonaceous matrix relates to the porosity of the 
fly ash carbons, leaving few micro-voids between the crystallites and low micro-porosity in the 

. .  
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precursor pliiisc. For thc purposc or this study it was of paramount importancc to sclcct ii carbon 
concentrate with a high isotropic carbon fraction as preliminary tests indicated a preferential 
adsorption capacity for samples enriched in the isotropic “cokd’. The adsorptive propcrtics ofthc 
fly ash carbon may be 
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Figure I 
samples are ASTM C618 Class F (1992 -1994 CAER sum data). 

enhanced in physical and/or chemical treatment if the structural order of the individual crystallites 
and their mutual orientation may be affected by the treatment. Structural differences among the two 
types of fly ash carbon (isotropic vs. anisotropic coke) were studied using SEM applications and are 
illustrated in Figures 2 and 3. 

Figure 2 

SEM image of isotropic 
carbon grain. Effect of 
combustion is clearly 
visible on the surface with 
process induced macro- 
porosity. The irregularity 
of the char surface 
suggests that partial 
oxidation must have 
occurred with increased 
surface areas and 
perjrated structures at the 
outside layer of the carbon 
grains. This porosiw may 
serve as infrastructure fo r  
steam and catalysts during 
activation. 

Variations in carbon forms and centent of 21 coal combustion jly ash samples. The 

The pore sizes among different isotropic grains vary immensely. During combustion the isotropic 
char particles were observed to form a macro-pomus network of cah0nizm.I material. The reddng 
coke between large pores was subsequently obsared at higher magnification. Its sulfate is h g u h  
and is characterized by the presence of numerous d e r  (10’ nanometex) pores. Intercalated Si-AI- 
rich fly ash spheres OCCUT in the larger pores within the carbonacarus matrix and aid to stabilize the 
macro structure of the particles. Figure 3 shows the struchval alignment observed in the anisotropic 
char particles. 

-Concentrates 

The sample chosen for study for preparing an effective adsorbent from fly ash carbon wag focused 
on a material with a relatively high ratio of isotropic to &tropic coke. Afta separation of the fly 
ash carbon a concentrate sample composed of 81.9 wt K carbon was prepared. Chemical analyeis 
of the carbon concentrate sample is given in Table 1. 
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TABLE I 

Precursor Fly Ash Carbon 

Physically Activated Precursor I 310 - 380 mz/g 4 samples 

I 19 m2/g 

Concentrate Sample: 81.9 % C 9.3 % SiO, 8.6 % AI,O, 

Micro4.18 M e s d . 3 3  

Figure 3 

SEM image of anisotropic 
char particle. The 
structure 
clearly indicates 
structural 
alignment within the 
anisotropic particle and 
less process induced 
porosity compared to the 
isotropic coke particle 
illustrated in Figure 1. 
The alignment is expected 
to afect the particle's 
capaciry to be activated. 

< 
The manufacture of activated carbons typically involves two main stages, the carbonization of the 
precursor, and the activation of the resulting char. During carbonization, carbon atoms group 
themselves into sheets of condensed aromatic ring systems, with an irregular and often bent 
arrangement. It becomes quite obvious that within the combustion chamber of a coal utility boiler 
a combination of these processes takes place, affecting each coal particle. Therefore, the 
experimental part will not involve a separate carbonization step. 

EXPERIMENTAL 
The carbon concentrate sample (81.9 % C) was used in two types of actication experiments 
involving (a) physical activation using steam and CO, mixture at 900°C. and @) chemical activation 
with potassium hydroxide with a 4 1  ratio of carbon : KOH. The synthesis procedure involved 
dehyration of the concentrate sample at 300°C followed by activation at 900 C for 'one hour. 
Activated products were cooled, washed with nitric acid (2moVml) and analysed using 
thrmogravimetric analysis (TGA). N2 adsorption isotherms were analysed for activated and starting 
materials using an Auatosorb-1-MP (QUANTACHROME) instrument to determine changes in 
surface areas and pore volumes after activation. Surface areas were calculated using the BET 
equation 'I. 

CHARACTERISTICS OF ACTIVATED FLY ASH CARBON 
The macro-porosity of the precursor carbon concentrate was observed to be 19 m2/g. The macropore 
framework constitutes an infrastructure that may readily allow steam/CO, to infiltrate the fly ash 
carbon during activation, and the intercalation ofKOH catalyst, facilitating the development of higer 
surface areas. The SEM investigations of the activated materials revealed a much rougher surface 
than that of the precursor, with corresponding increases in BET surface areas. Physical activation 
for one hour resulted in chars with corresponding BET surface areas ranging from 3 10 to 380 m2/g 
for three experiments. Chemical activation for the same amount of time resulted in an enhanced 
pore development with higher BET surface areas corresponding to 730 to 840 m2/g for four 
experiments (Table 2). Chemical activation improves not only the total surface area of the fly ash 
carbon materials, but greatly increases the number of micropores in the processed materials as 
indicated by differences in micro and mew pore volumes (Table 2). 

TABLE 2 I Surfacehea I Pore Volume [cc/gl 

I Chemically Activated Precursor I 730 - 840 m2/g 3 samules I Micn~0.41 M e s d . 1 3  I 
~ ~~ 

The adsorption capacity of the activated fly ash carbons will depend on the surface area and porosity 
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of the carbonaceous material as well as the hydrophobicity of the substituent. 

Phenol Adsorption Potential 
The presence of phenolic compounds and other organic pollutants typically present in water is of 
paramount concern to health departments. In past efforts the adsorption of these compounds from 
aqueous solutions, essentially that of phenol and p-nitrophenol, has been studied i2-1', and major 
findings indicated that the adsorption of phenols not only depends on the porosity of the adsorbent, 
but was significantly influenced by surface oxygen complexes pnscnt on the activated carbons used. 
The fact that the fly ash carbons spent a short residence time in an oxidizing firnace at combustion 
temperatures led to the hypothesis that the process induced surface chemistry of the fly ash carbons 
may help create a unique precursor material for carbons with & i t y  to adsorb phenolic compounds. 

The experiments included adsorption of phenol (dissolved in aqueous solution) on (a) physically 
activated fly ash carbon, (b) chemically activated fly ash carbon and (c) commercial carbon 
(NORIT). Adsorption isotherms were determined for solutions containing 100 mg of dispersed 
carbon at 298 K. Samples were obtained for different time intervals with a maximum exposure time 
of 3x10' minutes. Phenol adsorption potential was determined spectrophotometrically using 
maximum UV absorbance wavelength for phenol (269 nm). Results are illustrated in Figure 4. 

.-I- Commercial Carbon - I HourSteaMOZ 
-t 1  our Chemical (KOH) 

?.~--Z-A- __ - - _-_ _-==-.. -_-  - - - - , .__- 

7 

0 500 1000 1500 2000 2500 3000 
Time [minutes] 

Figure 4 Illustration of the phenol adsorption capacities of (a) physically activated fly ash carbon, 
(b) chemically activated fly ash carbon and (c) commercial carbon 

Results suggest that although chemically activated fly ash carbon has higher surface areas and 
greater micropore volumes, its adsorption potential for phenol is not much superior over that of the 
physically activated material. Both physically and chemically activated fly ash carbons exhibit 
excellent potential for phenol adsorption compared with a commercially available carbon (NORIT). 

SUMMARY 
Fly ash carbons constitute the char particles that are left in fly ash after the incomplete combustion 
of coal in the h a c e ,  rendering fly ash above speo for ASTM C618 applications for cement. A 
beneficiation process allows the selective separation of unburned carbon fiom fly ash to be used for 
upgradlng into a higher value product. The porosity, surface area, and surface chemistry of fly ash 
carbons before and after activation wen characterid using mercury porosimetry, BET analysis, 
and liquid-phase adsorption of phenolic compounds 

The results of the study underline that adsorbents produced h m  fly ash carbon as precursor matrix 
exhibit a remarkable developmental potential. It has been demonstrated in two different ways, by 
physical activation using a steam/C4 treatment and chemical activation using KOH, that activation 
of the fly ash carbon plays a key role in improving the adsorptive properties. The adsorptive 
capacity of the fly ash carbon produced either by steam activation and/or chemical treatment with 
KOH lead to the production of active carbons with an optimal range of micropores and adsorption 
activity towanis phenolic compounds. These obsewations lced to the conclusion chat the maximum 
capacity and the opthum poteatial of the fly ssb may be improved by applying controlled 
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experiments that help evaluate the optimum activation temperature, activation time and activation 
environment. In practical manufacturing and commercialization have not yet been considered for 
the fly ash carbons, mainly because there still remains a number of problems related to carbonaceous 
fly ash particles that must be solved in order to achieve high enough performance. 
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INTRODUCTION 
Activated carbons are commercially produced by steam or CO, 
activation of coal, coconut shell and so on. In general the 
carbons obtained give pores with a broad range of distribution. 
Recently, Matsumura[l] and Jagtoyen et a1.[2] have reported that 
chemical activation with KOH or H,PO, provides microporous carbons 
with high surface area. These activated carbons are suitable for 
separation of molecules with small size i.e., removal of pollutant 
gases from exhausted substances. For applications to adsorption of 
macromolecules in a liquid media, however, it is important to 
prepare activated carbons having meso- or macropores. 

Tamai et al. have found that steam activation of coal tar pitch 
homogeneously mixed with rare earth metal complexes brings about 
mesoporous carbons[3]. Also, the carbons thus obtained were 
confirmed to be very effective to selective adsorption of giant 
molecules such as humic acids and dextrans. 

This study aims to provide mesoporous activated carbons from coals 
by use of various organometallic compounds. The carbons prepared 
are characterized by nitrogen adsorption to evaluate the pore size, 
and the crystal forms and size of metal compounds on the carbons 
are investigated by means of x-ray diffraction and transmission 
electron microscopy. The formation mechanism of the mesopres is 
also discussed on the basis of the results. 

EXPERIMENTAL 
Three kinds of coals different in rank, i.e., Miike, Taiheiyo and 
Morwell coals were used for this study. The analytical data of the 
coals are summarized in Table 1. Each coal with particle size of 
minus 100 mesh was dispersed in tetrahydrofuran(THF) in Ar 
atmosphere. Al, Y, Ti, or Zr acetylacetonate(Al(acac),, Y(acac),, 
TiO(acac),, zr(acac),) solution of THF was added to the coal 
dispersion and the mixture was stirred at room temperature for lh 
under Ar gas. Thereafter, THF solvent was removed from the 
mixture by flash distillation under vacuum at room temperature and 
then 100°C. The weight percent of each metal added to the coal was 
adjusted to 2.5wt% before activation. Steam activation was carried 
out at 900°C for various times(3-25min). 

Nitrogen adsorption isotherms at IIK were obtained by Quantachrome 
Autosorb-6. The X-ray diffraction measurement and transmission 
electron microscopic observation were performed using Rigaku Ru-300 
with a CuKa radiation and Philips CM30 equipments, respectively. 

Surface area and mesouore ratio. Figure 1 shows the change in BET 
surface area of various activated carbons obtained from Miike coal 
against activation time at 9OOr. The data of the carbons from the 
coal alone are also added for comparison in this figure. When 
Al(acac), was loaded on the coal and activated, the surface area 
increases with the time. On the other hand, the coal containing 
TiO(acac), results in the carbon with an approximately constant 
surface area (Ca.500m2/g) over these activation times. The pore 
size distribution and mesopore( 2 - 5 h )  area of each sample were 
obtained from nitrogen desorption by using BJH method[4]. Mesopore 

RESULTS AND DISCUSSION 

I 
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ratio is given by dividing the mesopore area by the BET one. The 
ratios obtained were plotted against activation time(Fig. 2). The 
result shows that the mesopore ratios in the carbons increase with 
activation time. It is noteworthy that addition of the Ti chelate 
enhances mesopore ratio. The similar behavior was observed in the 
case of Taiheiyo and Morwell Coal. The results are summarized in 
Table 2 and 3. The TiO(acac), compound promotes to develop 
mesopores also in both cases and, especially in the activated 
carbons from Taiheiyo coal ca. 90% of total pores are consisted of 
mesopore structures, as can be seen in Table 2. Brown coals such 
as Morwell easily produce micropore structures with heat-treatment. 
Therefore, the mesopore ratio of the activated carbons from Morwell 
coal with or without metal is not so high compared with those from 
other coals, but it is obvious that the Ti complex contributes to 
the development of mesopore. 

X-ray diffraction and TEM observation. As described above, it was 
found that TiO(acac), dispersed ,on coals enhances the formation of 
mesopores. In order to understand the formation mechanism of these 
carbons, it is necessary to examine the form and size of Ti 
compounds on the activated carbons. Thus, the species of the 
compounds on the carbons were determined by X-ray diffraction. A 
profile of the carbon from Taiheiyo coal with TiO(acac), is given 
in Fig. 3, together with that from the coal without metal. Several 
strong peaks due to metal compounds in Taiheiyo coal which contains 
a high amount of ash(Tab1e 1) appear in Fig.3(a). When TiO(acac), 
loaded on the coal was activated with steam, the chelate is 
considered to decompose and form the cluster of the Ti oxides. The 
TiO, crystals with rutile and brucite structures can be evidently 
identified from the lattice constants of the profile indicated in 
Fig. 3(b). The same results were obtained in the case of Miike and 
Morwell coal. 

The transmission electron photomicrographs of the activated carbons 
from Taiheiyo coal are shown in Fig. 4. Whereas a typical 
amorphous structure due to carbon layers was observed in the 
activated carbon from the coal alone, there are some voids and TiO, 
crystals with the size of few nm in the carbon with the metal(Fig. 
4(b)) and at the same time these are closely present each other. 
Such a morphology was seen also in the carbons from the other 
coals. The particle size distribution of the crystals was 
estimated by an image analyzing technique(Fig. 5). Although the 
distribution is somewhat different in coal rank, most of the 
particles are rgnging from 2 to 12 nm in diameter. Taking into 
account that the size of the mesopores in the activated carbons is 
comparable to that of TiO, crystals, the behaviors of the metal 
oxides, such as migration or lacking may cause the generation of 
these mesopores. 

CONCLUSION 
Mesoporous carbons were prepared by steam activation of metal 
acetylacetonates dispersed on Miike, Taiheiyo and Morwell coal. 
The TiO(acac), complex was effective for the occurrence of these 
carbons. The surface areas and mesopore ratios were evaluated by 
analyzing the nitrogen adsorption isotherms. In addition, the size 
distribution of TiO, crystals present on the carbons was examined by 
transmission electron microscopic observation. As a result it was 
found that the development of the mesopores is associated with the 
formation of TiO, crystals on the carbons. 
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Table 1 Analysis of coals 

Coal 

Mike 

Taiheiyo 

Morwell 

C H N S+O(d@ Ash 
(w% w (M%, dry) 

83.8 6.8 1.0 8.5 8.7 

75.7 6.3 1.3 16.7 14.2 

65.0 4.8 0.6 29.5 1.6 

Table 2 Pore characteristics of activated carbons(AC) from metanaiheiyo coal / 

Sample 

Blank/AC 

Y(acac)3/AC 

Al(acac)3/AC 

TiO(aca~)~/Ac 

Sample 

Blan WAC 

Y(acac), /AC 

BET Mesopre Mesopre Average 
Time' Yield surface area surfacearea ratio poresize 
(min) (%) (mz/g) (mz/g) (%) (nm) 

3 20.8 888 269 30.3 3.72 

6 14.0 729 186 25.5 3.73 

6 20.9 791 . 162 20.5 3.24 

6 15.6 806 431 53.6 4.73 

I 
BET Mesopore Mesopre Average 

Time * Yield surfacearea surfacearea ratio poresize 
(&) (%) ( m W  (mZM (%) (4 I 

6 16.3 134 72 54.0 6.24 I 

I 
6 16.9 70 50 71.8 10.39 

Al(acac) 3 /AC 

TiO(acac)2/AC, :::: :i! ::\ i::: :::: 
Zr(acac), /AC 18.8 48.9 5.15 

* a t m T  

Table 3 Pore characteristics of activated carbons(AC) from metal/Morwell coal 

Zr(acac),/AC 3 24.5 794 118 14.9 2.99 
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INTRODUCTION 
Recently, carbonaceous materials including activated carbon were proven to be effective 

catalysts for hazardous waste gasification in supercritical water [I] .  Using coconut shell activated 
carbon catalyst, complete decomposition of industrial organic wastes including methanol and 
acetic acid was achieved. During this process, the total mass of the activated carbon catalyst 
changes by two competing processes: a decrease in weight via gasification of the carbon by 
supercritical water, or an increase in weight by deposition of carbonaceous materials generated by 
incomplete gasification of the biomass feedstocks. The deposition of carbonaceous materials 
does not occur when complete gasification is realized Gasification of the activated carbon in 
supercritical water is often favored, resulting in changes in the quality and quantity of the catalyst. 
To thoroughly understand the hazardous waste decomposition process, a more complete 
understanding of the behavior of activated carbon in pure supercritical water is needed. 

The gasification rate of carbon by water vapor at subcritical pressures was studied in 
relation to both coal gasification and generating activated carbon [2 ]  It is known that carbon 
reacts with water vapor via: 

C + H2O + C O T  H2 

CO + H20 + C02 7 H2 

(1) 

(2) 

A reaction mechanism which considers the competitive adsorption of water and hydrogen 
molecules to the same active sites was proposed [)-SI: 

H 2 0 Z  (0H)O-I) 2 (O)gr2) (3) 

HZ 2 (H2) (4) 

c + (0) --f co, ( 5 )  

in which parentheses indicate the adsorbed species. Long and Sykes [ 5 ]  assumed a steady state 
for the adsorbed molecules and succeeded in explaining results for subatmospheric conditions, 
using the rate equation: 

where ki, kZ, and k3 denote reaction rate constants, and p m o  and p m  are the partial pessure of 
water and hydrogen, respestively. This equation correctly predicts the inhibition by hydrogen 
observed inthe experiment. 

At elevated pressures, the generation of methane becomes more important. Gasification 
at steam pressures as high as 4.7 MPa was conducted by Blackwood and McGrory [6] .  They 
proposed that the reaction between adsorbed hydrogen and water vapor for ,methane formation 
shwld be included with the reactions given by Eqs. 3 to 5 ,  and correspondingly obtained the 
following rate equations: 

where r c ~ 4  denotes the methane generation rate. These rate equations satisfactorily explained 
their results. Later, Van Heek et al. [7] found two mechanisms of methane generation: pyrolysis 
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coal at higher temperatures (higher than 600OC) for coal gasification in steam up to 7.1 MPa. 
Methane formation by pyrolysis was not intensified by pressure, but the rate of reaction between 
steam and char was clearly increased with pressure. 

In spite ofthis accumulation of reaction data, we were unable to find measurements of the 
gasification rate of carbon in supercritical water. Data of this kind is needed to predict the 
lifetime of the catalyst and its contribution to the gas yields observed during biomass gasification. 
Consequently, the effects of temperature and pressure on the gasification rate and g@ 
composition were measured and interpreted in relation to the previous research on carbon 
gasification under subcritical conditions. The change in iodine number of the carbon catalyst 
during supercritical water treatment was also measured. 

EXPERIMENTAL 
Experiments were conducted using a packed bed reactor [ l ]  as shown in Fig. 1. The 

reactor was fabricated from Inconel 625 tubing, with a 9.53 mm O D  and a 4.75 nun ID. Granular 
activated carbon (coconut shell based, 14-30 US mesh) was packed with a length of 406 nun in 
the reactor. Water was pressurized by an HF'LC pump (Waters, Model 510) and fed to the 
reactor at 1.0 g/min. The temperature of the water flow was rapidly raised to the desired value by 
an entrance heater. The reactor was maintained at isothermal conditions by the &mace and a 
down-stream heater. The axial temperature profile along the reactor wall was measured using 11 
type K thermocouples; another retractable type K thermocouple was placed inside the annulus of 
the reactor at the entrance of the packed bed. The pressure in the reactor system was measured 
by a pressure transducer. The reactor temperature was set at 600°C or 650°C, and the pressure 
was set at 25.5 Ma, 29.9 MPa, or 34.5 MPa. 

After being cooled, the reactor effluent was sent to a sampling system principally 
composed of two three-way valves and a sampling loop. The effluent was discharged into the 
sampling loop for a defined duration, after which the contents were released into a pre-evacuated 
sampling tube. In the actual system, these two three-way valves were incorporated into one ten- 
port valve, enabling simultaneous switching of these valves. Effluent bypassing the sampling loop 
was delivered to an accumulator, where liquid and gas were separated and the gas was released 
through a pressure regulator, thus maintaining constant system pressure. 

The gas generation rate was calculated from the pressure rise in the sampling tube, using 
the equation of state for an ideal gas. The change in gasification conversion with time was 
calculated using this measured gas generation rate and gas composition as determined by a gas 
chromatograph. Iodine tests (ASME D4607) were conducted to estimate the specific surface 
area of the residual carbons. BET surface area analysis was also conducted for a limited number 
of samples. 

The iodine number of the virgin activated carbon was 1050. The ultimate analysis of this 
carbon showed the presence of hydrogen at 0.88 wt%. 

RESULTS AND DISCUSSIONS 
1. Total gasification rate 

The composition of the product gas was similar for all the experimental conditions: 
hydrogen, 64%; carbon dioxide, 33%. methane, 2%; and carbon monoxide, 1% by mole. This 
composition was steady throughout the gasification. The ratio of hydrogen to carbon dioxide is 
close to 2, which is expected from the reactions shown in Eqs. 1 and 2. 

It is known that the curves of carbon gasification conversion versus time can be often 
expressed by a single cubic equation in a normalized dimensionless plot using reduced time based 
on the time to attain a gasikcation conversion of 0.5 [8]. Although activated carbon i i  a partly 
gasified carbonaceous material, the normalized plot was drawn using conversion based on the 
mtial activated carbon weight. In this work, the normalized plot was drawn using the reduced 
time T based on the time needed for increasing conversion from 0.075 to 0.1 because the highest 
conversion was 0.25. 

Here, t, b.07~. and b.1 denote the f i e  to be reduced, and times at which conversions of 0.075 and 
0.1 were attained, respectively. The plots shown in Fig. 2 show good agreement for all the 
gasification experiments. This agreement indicates the possibility of using a single cubic equation 
to express the reaction rate change during gasification. It is also to be noted that the relation 
between conversion and reduced time is basically expressed by a linear hnction for the 
conversion range observed in this work. 

From this graph of generalized conversion change, the dimensionless gasification rate at 
zero conversion is 0.0278. Dividing this value by the time needed to change conversion from 
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0.075 to 0.1 for each experiment gives the gasification rate at zero conversion for each 
experiment. These zero conversion values are used for the following data analysis, because they 
are not affected by the surface area change which occurs during gasification. 

No clear trend with pressure was established, in agreement with the results from Long and 
Sykes [SI. (See Eq. 6, which shows that the effect of water vapor pressure becomes negligible at 
high pressures.) On the other hand, the earlier experiments by Blackwood and McGrory [6] 
predict a 20% increase in reaction rate with increasing pressure from 25.5 to 34.5 MPa at 600'C. 
Thus, the extrapolation of the results of Blackwood and McGrory [6] does not predict the effect 
of pressure within this pressure range. 

The effect of temperature is shown in Fig. 3 in the form of an Arrhenius plot. Carbon 
gasification rates at 34.5 MPa, projected using the rate equations of earlier workers, are also 
shown in the figure. Extrapolation of the results from Long and Sykes [SI predicts our result 
accurately. From the results of our work, the activation energy was found to be 166 kJ/mol, 
which is in good agreement with 176 kJ/mol observed by Long and Sykes [5]. This agreement 
suggests that the fundamental mechanism of gasification does not change under high pressures 
such as the supercritical condition. The prediction using the rate equation by Blackwood and 
McGrory [6] presents a quite different dependence of the reaction rate on temperature. 

2. Methane generahbn rate 
No clear dependence of the methane generation rate on total pressure is observed, which 

suggests that methane generation occurs by pyrolysis [7]. The ratio of the methane generation 
rate to the total gasification rate is thus constant, showing a value around 3%. Assuming that all 
hydrogen in the original activated carbon turns into methane by pyrolysis, the ratio should be 
2.8%, in agreement with the observed value. The prediction of this value using the rate 
coefficients determined by Blackwood and McGrory [6] gives 0.03%, which indicates reaction of 
steam with carbon at this temperature is very slow. Thus, it should be concluded that the 
methane generation observed here is due to pyrolysis ofactivated carbon. 

3. Iodine number 
The iodine number is a crude measure of the surface area of an activated carbon, obtained 

by analyzing its capacity for iodine adsorption. The relation between the iodine number and the 
conversion (see Fig. 4) shows at first an increase in the iodine number with increasing conversion, 
then maximum iodine number from 0.05 to 0.2, and finally a decrease in the iodine number at 
conversions above 0.2. The early increase in the iodine number is because of gasification 
accompanied with the development of the microporous structure. In the middle flat region, the 
microporous structure is maximized, and there is a equilibrium between creation of new pores and 
destruction of the walls between them. The decrease at high conversion indicates when the bum- 
off of the walls between the pores dominates over creation of new pores. Thus, short-term 
treatment in supercritical water effectively develops the microporous structure of the carbon. 
BET analysis showed a similar increase in surface area from 809 mz/g to 101 1 m2/g after 6-hour 
reaction in supercritical water at 600°C and 34.5 m a .  No significant iduence of pressure on the 
iodine number after a 6-hour treatment was observed. 

4. Activated carbon production in supercritical water 
This increase in the iodine number of carbon by treatment in supercritical water w1 be 

utilized for activated carbon production. A series of experiments were conducted to activate 
charcoals in supercritical water. Charcoals produced in-house (14-30 US mesh) were packed in 
the reactor in place of activated carbon, and after treatment in supercritical water at 65O0C, 34.5 
MPa, the iedine numbers of the product activated carbon were measured. Table 1 shows the 
results of these iodine tests. Large increases in the iodine number from the initial values of less 
than 50 are observed for each treatment. Thus, treatment of carbonaceous materials in 
supercritical water can be a novel approach for producing activated carbon production at lower 
temperatures than conventional activation methods. 

CONCLUSION 
The gasification rate of activated carbon in supercritical water is unaffected by variations 

in total pressure above the critical pressure of water, and is predictable by previous gasification 
measurements made at subatmospheric pressure, indicating the same gasification reaction 
mechanism. The methane generation characteristics indicate that methane is produced by the 
pyrolysis of the activated carbon itself. Short-term gasification in supercritical water increases the 
specific surface area of activated carbon, and thus its adsorbent capabilities. Supercritical water 
treatment can be a novel technique of activated carbon production at lower temperature than 
conventional activation methods. 
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1. INTRODUCTION 

The manufacture of activated carbon involves two main 
stages, the carbonization of the carbonaceoue precursor 
and the activation of the resulting char. Procese 
activation is to enhance the pore structure by the 
partial gasification of the char in steam, carbon 
dioxide, air or a mixture of these; thJs is the so-called 
”physical activation”. The term “chemical activation’’ 
refers to the carbonization of the precursors after 
addition of substances that restrict the formation of tar 
(HaPo , ,  KOH, etc)r in this way, a carbonized product with 
a well developed porosity (after appropriate washing) may 
be obtained in a single operation. There is, of course, 
the pessibility of combining these two activation 
processes. In our experiments, the two principal methods 
of activation, i.e., that which uses CO2 and that which 
uses KOH were chosen and treatecl to green petroleum coke 
as atarting materials. The properties such as surface 
area and Iodine adsorption were relatively low in the 
physical activation. The surface area was reached in the 
range of 27 to 79 m2/g and Iodine adsorption 59 to 85 
mg/g. The adsorptive power in Iodine solutions increased 
to the value of approximate 600 mg/g for physical 
activation of green coke binded with tar pitch. Further 
more, a well developed in pore, surface area and Iodine 
adsorption was achieved using KOH activant with 
appropriate process condition. 

2. EXPERIMENTAL 

a). Green petroleum coke was obtained from Dumai oil 
refinery. The size o f  particle was +4  mesh. The raw 
material was carbonized at 400 - 5OO0C for 2 hours and 
then proceed to activation process. For activetion, 
temperature was increased to 600 - 700% and flow of C02 
after reaching the temperature. After activating with 
CQ2 for 3 hours, cooling to room temperature was 
carried out naturally before taking the sample for 
further analysis. 

b). The green petroleum coke was ground and sieved to 
sizes of 200 mesh. Afterwards this material was mixed 
thoroughly with coal tar pitch of known percent weight. 
The mixed petroleum coke is then extruded to form 
discontinuously tube in a cylinder press. Them moulded 
forms are then broken into short lengths and sieved to 
aize between 8 - 4 mesh for further Carbonization and 
C02 activation. During carbonization, the sample was 
shielded by calcined coke with size 16 - 14 mesh and 
gradually heated to llO0c for 2 hours and proceed to 
temperature 500 - 606OC for 3 hours and cooled to 
ambient temperature. Before activation, the carbonized 
material was separated from calcined coke by sieving in 
order to obtain the required size (2.5 - 4.5 m m ) .  The 
activation cart ied out at temperature 900 - 1000°C for 
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3 hours under flowing of Cot. For comparison, green 
coke with the same size was treated directly in the 
same process condition as meriLivfied above. 

c). Green coke was ground t o  -50 mesh and the process 
under investigation in this etudy involves the reaction 
of coke with a substantial proportion of solid KOH (KOH 
: coke varied from 1 to 4 parts weight). Reactions took 
place in a nickel boat, within a reaction furnace tube 
under nitrogen. Reaction mixtures were heated 600 - 
900°c for periods up to 1 hour and after reaction the 
furnace was withdrawn and cooled to ambient 
temperature. The reaction products were removed from 
the container and washed with distilled water to remove 
soluble salts. Other samples were reacted at 45OoC for 
1 hour and then subjected to thermal treatment up to 
85OoC and held at t h i s  temperature for 1. hour. Each of 
the solid products was leached with distilled water and 

' v a c m  dried at l l O ° C .  

3. RESULTS AND DISCUSSION 

Table 1 : Typicel Properties of Green Petroleum Coke 

Sample Carbonization 
& Activation, 

Moisture, wt W 
volatile matter wt % 1 4 . 5 4  

Ash content, ut % 
Fixed carbon, w t  96 84.50 

Sul hur content wt % max 0.5 

Iodine Ash,  wt% 
Adsorption, 

Table 2 : Preparation Condition of 2 a and Its Properties 

2R1 
I 
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Table 4 : Preparation Condition of 2 c and Its Properties 

The activation technique process that was chosen in the 
experiment 2 a did not indicate the development of 
adsorptive properties and surface area as can be seen 
from Table 2. The gasification of carbonaceous 
materials with CO, at 600 and 700°C heve no influences 
to Iodine adsorption and surface area improvement. Its 
value range from 59.34 to 65.69 mg/g and highest 
surface area was achieved max I 9  m'/g. These value was 
below expectation compare to the required properties o f  
an adsorbent materials. The obtained surface area was 
1/10 from 588 d / q  of reference. 

TO improve the adsorptive properties, next sample 
binded with coal tar pitch, moulded and shielded with 
calcined coke during carbonization up to 600%. The aim 
of using calcined coke was to avoid rapid decreasing of 
particle size due to oxidation. The C02 activation 
which subjected to carbonized product heve increased 
drastically the Iodine solution adsorption and the 
highest value was 698.82. On the other hand, the non 
binder activated samples seems to heve nearly same 
value as the binded one. The use of calcined coke in 
the second experiment act as an inert m d i 8  during 
process operation and the higher temperature chosen for 
activation (900 - 1000°C) lead to the surface affinity 
improvement of the green petroleum coke. 

The Iodine adsorption in the renge from 626.11 to 
698.82 mg/g for binder and non binder materials. 
Although these obtained value were less than reference 
(850 mg/g), this technique reveals that inert condition 
facilitate the activation process of green petroleum 
coke. The lower ash content in both samples reflex the 
higheq quality of the starting material and binder. The 
ash content of reference 1.03 wt % indicated that 
difference carbon precursor was being used. Since the 
two previous physical activetion techniques did not 
indicate good results, so the further experiment was 
carried out by chemical activation. The carbonization 
of coke with potassium hydroxide is expected to destroy 
the coking and coking capacities of green coke and to 
produce a char of high surface area and showed increase 
i n  adsorptive capacity. The progress of activation 
Involves the reaction of coke with a substantial 
proportion of solid KOH from lrl up to 4:l at reaction 
temperature 450°C for times 1 hour and subjected to 
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heat treatment at 650°C for times of 1 hour to 1.5 
hours could produce an active carbon Of high surface 
area up to 2054 m2/g es can be seen from Table 4 and 
suitable for further application analysis. 

The reaction temperature carried out at 600 and 900'C 
results pearly same surface area namely 439 and 416 
m2/g. On- the other hand, the least introduce reactant 
tend to decrease the surface area of activated carbon 
to value 34 - 50 m2/g. The process conditions and 
amount of KOH have influenced the surface area 
formation of carbon, en important property for 
adsorbent, 

4. Conclusions 

Different preparation technique of activation were 
greatly influence the pore structure enhancement of 
green petroleum coke .  
Formation of high surface area active carbon from 
green petroleum coke was obtained effectively by 
using KOH activant. 

1 

I 
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Carbon has been recognized to play a signifcant role in reducing NO in some combustion systems 
(e.g., fluidized beds) and offers the potential as a reducing agent in other, new applications. In 
order to more fully appreciate this potential, it is useful to explore what factors influence the 
reactivity of carbons (and, more generally, chars) towards NO. This paper summarizes what is 
known about the reactivity of different carbons, and examines some questions raised by the 
comparison, in light of new experimental results. 

The reduction of NO by carbons may, for simplicity, be represented by the general reaction: 

INTRODUCTION 

NO+ C ----> a CO + b CO? + 1/2 N2 - - 
Other products (for example, N20) are possible under certain specific conditions. Likewise, other 
reaction pathways (involving carbon catalyzed NO reduction by CO) are also possible. Still, the 
main carbon reduction route involves the products as indicated. Many aspects of this reaction 
system have been reviewed in recent years [e.g., 1-41. Many of the published data on the NO- 
carbon reacti0.n are summarized in Figures 1 and 2. A more complete summary of the available data 
is in preparation, and will be presented shortly. This summary is intended to convey the essential 
features of what is known about the kinetics of the reaction. 

Figure 1 presents the data on the rate constant for the reaction, expressed as an NO consumption 
rate, on a per unit mass of carbon basis. The assumption has been made, consistent with most 
reports in the literature, that the reaction is first order with respect to NO [1,2, 5- 81. Several 
features are immediately apparent. First, there is a significant spread in the rates of reaction. The 
variation is of two to three orders of magnitude, which may not initially be surprising inasmuch as 
the data were not normalized based on surface areas, vide infra. It is apparent that there is quite 
commonly a shift in apparent activation energy of the rate constant. The “breaks” occur at 
temperatures ranging from about 900 to 1050 K, and always involve an increase in activation 
energy with increasing temperature. This break has been earlier noted by several groups. It must 
involve a change in mechanism, as opposed to an encroachment of heat and/or mass transfer 
effects, since the shift is in the direction of higher activation energies with increasing temperature. 

’ A hypothesis to explain the two regimes has been previously advanced [2]. The individual studies 
offer a wide range of activation energies, with some sets showing no evidence of the “break”. 
There are surprisingly few clear trends with the nature of the carbon. For example, a highly 
pyrolyzed resin char exhibits a lower reactivity than does a graphite. De-ashing of a lignite char 
shows only a modest effect on reactivity. A cellulose char with low inorganic impurity content is 
Seen to have a higher reactivity than coal chars. 

Figure 2 presents a comparison of literature data on a surface area-normalized basis. The surface 
areas were taken as reported by the investigators themselves, and include some measured by 
nitrogen sorption and others with carbon dioxide. It should be noted that the data sets represented 
in Figures 1 and 2 are not identical, because the data were not always available to include results on 
both plots. It is perhaps surprising that converting data to a surface area basis does little to reduce 
the amount of scatter in the data. It is worth noting that the degree of scatter is not unlike that 
observed in similar summary plots of data on the oxygen-carbon reaction [9]. Thus it appears as 
though there is a high degree of variability of carbon reactivity towards NO, just as there is 
towards oxygen. This has been attributed to differences in the numbers of active sites per unit 
surface area. It is not yet possible to predict this value. It is interesting to note that the graphites 
exhibit relatively high reactivities per unit surface area. There is, however, no clear trend in 
reactivity with the nature of the carbon. 

The results of Figures 1 and 2 present a confusing picture of the factors that influence the reactivity 
of carbons towards NO. While small subsets of the data can be compared and logical hypotheses 
drawn regarding the influence of certain variables, there is not yet an ability to predict reactivity to 
better than orders of magnitude uncertainty. The problem with an approach based upon comparing 
reactivities from literature accounts is that there are a number of experimental variables that may 
have had an influence on reactivity, and these are never completely controlled or reported. Most of 
these variables have to do with how the carbon is prepared, but some might also have to do with 
how the reactivities were determined. The remainder of this paper will explore how measured 
reactivities can be influenced by a number of experimental factors. 

Two different reactor systems were selected for study, in order to represent the two most widely 
employed techniques for study of this reaction. The first reactor system was a thermogravimemc 
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analyzer (TGA). In this case, a TA Instruments TGA was employed. As compared with the Cahn 
TGA system in which we had performed most of our earlier work [1,2], the TA Instruments TGA 
has a somewhat smaller enclosed gas volume. Thus. the experiments were performed with a 
continuous gas flow through the TGA to ensure that depletion of NO was not significant. The 
TGA work was performed, as earlier [1,2] , at quite high NO partid pressures, ranging from about 
1 to 10 kPa of NO partial pressure. 

Many of the studies reported in the literature have employed packed bed reactors. One of the 
advantages of these systems is that they more realistically simulate possible “end-of-pipe” 
reduction systems. They also tend to be less complicated to operate, allowing for a steady flow of 
NO-containing gas which is continuously analyzed using an NOx analyzer. Operation at lower, 
more realistic, NO concentrations is also possible. Operation of a TGA at low NO concentrations 
is often considered impractical, because of the long times needed to achieve significant bumoff 
(weight loss). 

In our case, we employed a 4 mm ID packed tubular reactor, made of quartz. A bed of between 20 
and 200 mg of carbon (char) was packed into a predetermined length of between 1 and 30 mm, 
depending upon the conditions to be studied. The bed was held in place with quartz wool. Blank 
runs indicated no significant NO reduction in the absence of carbon (this was not the case if 
ordinary glass wool was employed). A carrier flowrate between 70 and 125 cc/min of helium was 
passed through the reactor. In the work considered here, the only other component in the inlet gas 
was NO. The inlet NO concentration ranged between 100 and 300 ppm. The particle size in the bed 
was approximately 200 pm in all cases. Before all runs, the surface of the char was cleaned of 
oxides by heating at 1173 K for one to two hours. 

RESULTS AND DISCUSSION 
Several different carbons were tested in the TGA, using a consistent protocol. The samples 

examined were a resin char (ex-phenolformaldehyde) that we had earlier extensively studied [1,2], 
a graphite powder (from AESAFUJohnson Matthey Company), a coconut char (from Fisher 
Scientific), and a Wyodak cod char, prepared from a sample obtained from the Argonne Premium 
Coal Sample Program. The results are shown in Figure 3. 

The results of Figure 3 show that this wide range of carbons gives fairly consistent rates, when the 
results are represented on a unit surface area basis. The one exception is the rates from our earlier 
work [1,2], and the reasons for this will be discussed below. It should be noted that the carbons 
range from those of quite high purity (the phenolic resin char and the graphite) to a mineral- 
containing coal char. The good agreement between the carbons and chars might be attributable to 
the fact that an effort was made to compare highly heat mated materials, in this case. The coconut 
char and graphite were used as-received (apart from surface cleaning at 1273 K for one hour). The 
phenolic resin char and the Wyodak char were prepared by a two-hour pyrolysis at 1223 K, and 
then surface cleaned prior to use. Thus for carbons and chars which may be considered as “ o l d  
there is quite good agreement in reactivity. Funher tests, which will be reported separately, have 
not surprisingly indicated that the “age” of a char (Le., how severely it is heat mated) does indeed 
have some effect on its reactivity. Here, however, it came as a surprise that the aging seems to lead 
to similar reactivities towards pure NO, despite significant differences in contents of impurities. 

Figure 3 also indicates that the “break” in the Arrhenius plots depends upon the type of carbon. It 
can be seen that the break occurs at a much higher temperature in the graphite than in the other 
carbons. The agreement between the reactivities of the different carbons, on a per unit mass basis, 
was not nearly as good. In fact, the results gave a spread similar to that seen in Figure 1. Thus it 
appears that the reactions occur in Zone I, and that the micropore area of the carbons is significant. 

When our earlier TGA results on the same resin char are compared with those from the present 
study, there appears to be a significant difference (see Figure 3). This turned out to be a 
consequence of how the sample was prepared, and indicates an important consideration in 
developing experimental testing procedures. The extent to which the resin char surface was 
cleaned of oxides was responsible for the differences in the observed rates. In our earlier work 
[1,21, the reactivity of the resin char was established as a function of temperature, merely by 
varying temperature and recording what appeared to be pseudo-constant rates. This might be 
considered a “normal” experimental procedure. In this more recent work, it was learned that by 
cleaning the surface of oxides, by heating at 1273 K for an hour between each temperature to be 
studied, the resulting pseudo-steady mass loss rate was significantly higher. This means that the 
oxide population on the char surface is a function of the reaction history of the sample, and that 
this, in turn, influences the observed rate. What may appear to be a pseudo-steady state rate might 
actually be slowly evolving, as the oxide population readjusts on a timescale longer than that used 
to obtain the rate. We had actually noted the same problem earlier, in connection with determination 
of the reaction order with respect to NO [I]. Failure to clean the surface between different partial 
pressures gave an apparently less than unit order with respect to NO, since the surface oxide 
population could only very slowly adjust to the new NO partial pressure. Thus it is essential to 
report how kinetic experiments are performed, in order to establish a sample reaction history. 
Without this infomtion, comparison of rate data from the literature may be quite misleading. Once 
this aspect of the ‘process was noted, all our experiments were performed on a self-consistent 
basis, with surface oxide cleaning between each temperature step. Because we are measuring rates 
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on a virgin surface in each case, issues related to the influence of remaining oxides on rate are 
minimized. Further experiments in the TGA again established that the reaction is unequivocally 
first order with respect to NO partial pressure., validating the form of the rate constant used in 
Figures 1 through 3 (see Figure 4). 

Generally, good agreement was obtained between the rate constants from the TGA and packed bed 
experiments, despite the fact that there was about a two order of magnitude difference in the 
concentrations of NO in the two reactor systems (around 2% in the TGA vs. 200 ppm in the 
packed bed reactor). Results for the coconut char in Figure 5, illustrate this conclusion. Further 
discussion of the small differences will be presented elsewhere. Thus apparently large differences 
in reactivity in Figures 1 and 2 are not athibutable to what type of reactor system is used for 
testing, nor to the concentration level of NO employed. It is clear that the purity of the gas feed is 
important in determining the apparent reactivity; small amounts of oxygen affect rates 
significantly. This will be reported on elsewhere. We have further established, consistent with an 
earher presented hypothesis [lo], that it is difficult to obtain reliable reaction order information 
from packed bed experiments. This will also be reported elsewhere. 
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REMOVAL OF NOx OR ITS CONVERSION INTO HARMLESS 
GASES BY CHARCOALS AND COMPOSITES OF METAL OXIDES 
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I n t r o d u c t i o n  

In recent years, much attention has been devoted to 
environmental problems such as acid rain, photochemical 
smog and water pollution. In particular, NOx emissions 
from factories, auto mobiles, etc. in urban areas have 
become worse. To solve these problems on environmental 

.pollution on a global scale, the use of activated charcoal to 
reduce air pollutants is increasing. However, the capability 
of wood-based charcoal materials is not yet fully known. 
The removal of NOx or its conversion into harmless gases 
such a s  N2 should  b e  descr ibed.1)  In this study, the 
adsorption of NO over wood charcoal or metal oxide- 
dispersed wood charcoal was investigated. 

In par t icular ,  carbonized wood powder  of Sugi  
( C r v p t o m e r i a  i a p o n i c a  D. Don) was used to study the 
effectivity of using these materials in adsorbing NOx. Since 
wood charcoal is chemically stable, metal oxide with the 
ability of photocatalysis was dispersed into wood charcoal 
to improve its adsorption and capability to use the light 
energy effectively. 

Experimental method 

1. Carbonization method 
Wood meal of Sugi (Cryptomeria iaponica D. Don) was 

c a r b o n i z e d  i n  e lec t r ic  f u r n a c e  wi th  t h e  des i red  
carbonization temperatures of 300, 400, 500, 600, 700 
and 800°C. The  temperature was increased at the rate of 4 
"C/min , and then kept constant for 1 hour after reaching 
the desired temperature. 

2. Metal oxide-dispersed wood charcoal 
. Wood charcoal with a weight of 0.5 g was soaked in 

solution of Titanium (IV) alkoxide dissolved in about 5 ml 
I-propanol . The charcoal was then ovendried at  105 "C 
for 24 hours. 
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3.Adsorption method 
NOx gas of about 100 ppm was passed through the 

reaction tube with 0.5 g of wood charcoal or  metal oxide- 
dispersed wood charcoal. The  concentration of NOx gas was 
measured by gas  detectors .  During measurement ,  the  
reaction tube was lighted up or covered by black shield. 

Results and Discussion 

T h e  relationship between carbonization temperature 
and adsorption of N O  in light and dark reactions is  shown 
in Fig. 1. Based from t h e  results, the adsorption was 
highest in 600°C. It was previously thought that in using 
wood charcoal, there will b e  no difference between light 
reaction and dark reaction. However ,  based from the 
results, adsorption was better in dark reaction than light 
reaction. As reflected, higher adsorption is  observed in all 
the carbonization temperatures in the light reaction. 

As shown in Fig. 2, adsorption of NO is different when 
charcoal is  soaked in titanium oxide. Adsorption is better in 
light reaction when greater amount of titanium oxide is  
used a s  observed in a l l  the carbonization temperatures 
studied. It seems that titanium oxide oxidized NO gas by 
light energy. However, i n  this study the source of light 
reaction was a fluorescent light. If the light with the 
suitable wavelength is irradiated to the titanium oxide- 
dispersed wood charcoal, the adsorption ability may be 
b e t t e r .  

Fig. 3 shows the relationship between carbonization 
temperature and adsorption of NO i n  light and dark 
reaction using the same percentage of titanium oxide. It is 
clear that adsorption is  better in light reaction than dark 
reaction in the all the carbonization temperatures. This is 
because titanium oxide plays an important role in the light 
reaction. Further, higher adsorption i s  observed in high 
temperature carbonized materials. 

Conclusion 

The adsorption of NO over wood charcoal was better in 
dark reaction than l ight  reaction. Higher adsorption is  
observed in all the carbonization temperatures in the dark 
reaction although the highest adsorption is observed in 
600 "C. 

On the other hand, 800 " C  was observed to adsorb 
more when soaked in titanium oxide. It can be concluded 
that  the  use  of t i tanium oxide is very effective in  
improving the adsorption of NO especially in light reaction. 
Further ,  adsorpt ion i s  better in l ight  reaction when 
greater amount of titanium oxide is used as observed in all 
the  carbonizat ion temperatures  studied. It seems that 
titanium oxide oxidized NO gas by light energy. 
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INTRODUCTION 
Carbons and activated carbons have been proposed as reducing 
agents for NO removal from exhaust gases as well as for 
applications to vehicles and other small so~rcesl-~. The use of 
carbon for NO reduction could present advantages over gaseous 
reactants used in conventional technologies4. Moreover, coals 
could be bindered and pyrolized in order to obtain carbon 
briquettes with good mechanical strength that will resist 
abrassion5. 

Recently, a method for briquette preparation and its use as NOx 
reducing agent has been presented6. This novel manufacture method 
presents the advantage of using a binder agent which inherently 
contains potassium. I116n et a1.7,8 found that potassium acts as 
catalyst of the NO-carbon reaction. In a previous paper9, it was 
found that potassium containing coal briquettes have an activity 
similar. to that of activated carbons with potassium remaining from 
the preparation method although, they were not as active as 
activated carbon oxidized with H N O ~  and ion exchanged with 
potassium acetate8. The study9 was conducted using only one type 
of coal precursor but, as the NO-carbon reaction is a gasification 
reaction, it is expected that both the coal rank and the mineral 
matter content affect the NO reductionlo. 

The objective of this study is to analyze the effect of coal rank 
and mineral matter content in the NO reduction activity of 
potassium containing coal briquettes. 

EXPERIMENTAL ~ 

Four coals of different rank have been selected as raw material 
for the briquette preparation. An anthracite (UAl), a high 
volatile A bituminous (A3). a high volatile C bituminous (P) and a 
lignite (LY). To study the effect of mineral matter content, two 
fractions of'coal A3 with very different ash content (8% and 25%), 
denoted as A3 and A3'respectively. have been used. These fractions 
were obtained using two portions of the raw coal with different 
particle size '(0.71 < @ <1.40 and @ <  0.71mm. respectively).To 
prepare the briquettes raw coals were grounded and -sieved to a 
particle size of 0.1 < I$ < 0.2 mm. 

Commercial humic acid (liquid with a density of 1.12 g/cm3 and a 
potassium content of 0.049 g/cm3) has been used as binder agent 
for briquette preparation. The method was previously described6.9. 
In summary, a coal sample is impregnated with a variable binder 
volume depending on the humic acid/coal ratio desired, mixed for 
30 min. dried at llO°C, pressed (1-2 Kg/cm2) and pyrolyzed in N2 
for 2 h at 7OO0C. Potassium content was determined after the 
pyrolysis step by atomic absorption spectroscopy by AES-ICP. 

After cpyrolysis, a test was conducted to determine mechanical 
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strength of the briquettes. The impact strength test Was 
previously described9 . All the briquettes described in this papers 
have satisfactory values, independently of the humic acid/coal 
ratio. 

The kinetics of the NO-carbon reaction were studied at atmospheric 
pressure in a fixed-bed flow reactor (15 nun, i.d.; ca. 300 mg 
sample) connected to a gas chromatograph (HeWlett Packard, Model 
5890A. The reactant mixture used was: 0.5% NO in He using a 60 
ml/min flow rate, which resulted in a bed residence time of 0.56 
s.  NO, N2, N20, CO2 and CO were analyzed using a Porapak Q 80/100 
column and a thermal conductivity detector. Briquettes were ground 
to < 1.5 mm to introduce them in the microreactor. 

Two types of experiments were performed: i) a temperature 
programed reaction (TPR) at a linear heating rate of 5'C/min up 
to a maximum temperature of 900OC; and ii) an isothermal reactions 
at 300, 400, 500 and 6OOOC for 120 minutes. The samples were 
treated in helium at 50°C/min, up to 900°C for 10 minutes prior 
the reaction. In case i), the temperature is lowered to ambient 
temperature and He replaced by the reactant mixture. In case ii), 
the temperature is lowered to the desired level and the isothermal 
experiment is initiated by substituting He by the NO/He mixture. 
The reaction products were monitored in both cases, thus allowing 
detailed oxygen and nitrogen balances to be determined. 

RESULTS AND DISCUSSION 
Table 1 presents the results for sample preparation, consisting of 
coal precursor, humic acid to coal ratio (HA/C), yields of the 
pyrolysis process and sample nomenclature including final 
potassium content. It is interesting to note that samples 
prepared, with the same HA/C (1.20), using the different coal 
precursors present a very different potassium content which is 
higher as coal rank decreases. This fact must be due to two 
phenomena, the increase in weight lost during pyrolysis from the 
anthracite to the lignite, as observed in the values of pyrolysis 
yield (Table 1) and the higher oxygen surface groups as coal rank 
decreasesll, that are mainly responsible for potassium 
anchoragel2 . 
For a fixed coal, an increase in HA/C produces an increase in 
potassium content up to a limit value, this could be observed in 
the series prepared from coals P and LY (Table 1). For coal P, an 
increase from 0.8 to 1.2 in HA/C only produces a 20% increase in 
potassium content while from 0.4 to 0.8 it increases in 100%. The 
specific activity (per gram of potassium) decreases, for a given 
coal precursor, with increasing potassium content. This behaviour 
was previously observed and explained for potassium impregnated 
activated carbons8. 

To study the effect of coal rank, briquettes with similar 
potassium contents have been prepared from coals UA1, P and LY. 
Figure 1 presents the results of specific activity determined at 
steady state conditions, at different temperatures, as a function 
of percentage of fixed carbon in the coal precursor. It is clearly 
observed a decrease in activity as the coal rank increases. 
Briquettes prepared from lignite (LY) has a much higher activity. 
It may be observed that the same value is found for sample LY-1.9 
at 400'C and for sample P-1.5 at 600OC. A reduction of 200°c in 
the process temperature is very important for a practical point of 
view. It is also interesting to note that the ash content of coal 
LY is very low (0.5 wt%i in comparison to UA1 (7.0 wt%) or P (16.7 
wt%). Both low rank and low ash content could be responsible for 
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the high activity, as we will discuss later. Sample LY-1.9 has an 
activity as high as that of an activated carbon, oxidized with 
HNO3 and ion-exchanged with potassium acetate13. The behaviour of 
both samples for NO reduction in the temperature range studied 
( 3 0 0 - 6 0 0 ° C )  is very similar. These results confirm that, if very 
reactive low rank coals are used as precursors, the briquetting 
process can produce very active samples, with the advantage of 
higher mechanical strength and in a very simpler procedure. 

Figure 2 shows the activity plots for briquettes A 3 - 4 . 7  and A3'-  
3 . 6 .  As already mentioned in the experimental section. these 
samples were prepared from two portions of coal A3 containing 
different ash content. At 600°C the behaviour is not very 
different for the two samples although, at steady state conditions 
the activity level is more constant for the sample prepared with 
low ash content coal. At 5OO0C, the difference is dramatic. Sample 
A 3 ' - 3 . 6  very much deactivates presenting a very low activity at 
steady state conditions. 

TO' explain these results, the analysis of reaction products, 
mainly N 2 0 ,  N 2 .  NO, C 0 2  and CO. during TPR experiments are 
presented in Figures 3 and 4 .  Similar results were obtained f o r  
potassium containing activated carbons8. The profiles can be 
described as follows: 

i) An initial period from 100 to 300'C with NO uptake reaching a 
maximum about 150 'C .  In this zone N 2 0  and N2 are the only 
products. 

ii) A second period from 300 to 6 0 0  'C, where NO reduction 
activity increases with temperature. In this zone N2 and C 0 2  are 
the main products. 

iii) Above 600°C,  N2  becomes constant, the 100% NO reduction is 
reached and CO begins to evolve being the majority product at 
about 800OC. The CO appearance coincides with the complete 
disappearance of NO. 

However, an important difference is observed in these plots in 
comparison to those of potassium containing activated carbons. The 
C O ~  evolution reaches a maximum at 6 2 0 - 6 5 0 ° C  that is typical of 
most of the briquette samplesg. 

For potassium containing activated carbons8, an excess C 0 2  in 
relation to N 2  (both the main reaction products at this 
temperatare range) was observed forming a broad band but, no 
single peak appeared. In a previous studyg, the C 0 2  peak, 
appearing in the TPR of coal briquettes has been attributed to 
K z C O 3  decomposition, considering the temperature range of 
appearance. The area under the peak allows to calculate the 
carbonated potassium during TPR experiment. This portion of the 
metal will be inactive as catalyst for the reaction8. The results 
in Figures 3 and 4 explain the large difference in activity at 
5OO0C for samples A 3 - 4 . 7  and A 3 ' - 3 . 6 .  For the second one (Figure 
4 )  an 88% of the catalyst is in the carbonated form while only 25% 
for the former one (Figure 3 ) .  At 6OO0C. the K2CO3 decomposition 
starts and the activity is very similar for both samples. 

At present, it is not probed the origin of the negative effect of 
mineral matter, present in the raw coal, that produces an increase 
in the K2CO3 formation. The hypothesis that is being investigated, 
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it is that mineral matter acts as a sink for potassium, producing 
a lower dispersion and consequently larger particles that will be 
easier carbonated in the reaction conditions since most part of 
the catalyst is not in contact with the carbon substrate. 

CONCLUSIONS 
NO reduction activity of potassium containing coal briquettes 
depends on coal precursor rank. Regarding samples with similar 
potassium content the activity increases with decreasing coal 
rank. Coal rank also affects potassium content of the briquettes. 
Using a similar humic acid to coal ratio the lower the coal rank 
the higher the potassium content. Briquettes prepared from low 
rank coals are as active as potassium ion-exchanged activated 
carbons which need a much more complicated preparation method. 
Mineral matter in the coal precursor produces deactivation of 
potassium catalyst, favoring the K2CO3 formation in reaction 
conditions. 
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TABLE 1. Briquette preparation 
Coal precursor Humic acid/ pyrolysis Briquette 

coal ratio yield ( % I  nomenclature 
UA1 1.20 88.1 UA1- 1.3 
A3 1.20 72.0 A3-4.7 

A3 '-3.6 A3 ' 1.20 --- 
P-1.5 P 0.40 --- 
P-3.2 P 0.80 --- 

P 1.20 65.2 P-3.9 
.LY 0.25 52.1 LY-1.9 
LY 0.78 53.4 LY-6.0 
LY 1.20 53.4 LY-7.2 
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INTRODUCTION 
Diesel engines, both stationary and mobile, are major sources of air pollution. Pollutants of 
concern are solid and liquid particulates, nitrogen oxides (NOx), toxic hydrocarbon gases, and, 
in  some cases, sulfur dioxide (SO,). Approaches considered in the past to reduce these 
pollutants have included modifying the engine design, modifying the fuel composition, 
recirculating the exhaust gases, and installing a device or system on the exhaust gas stream to 
remove or modify the undesirable constituents. Of particular concern to the US. Air Force are 
the high levels of NOx that are present in their diesel engine exhaust gases. Sorbent 
Technologies Corporation (Sorbtech) engineers, during the past two years, have been examining 
and developing ways to remove NOx from these exhaust gases. 

The principal NOx species in diesel engine exhaust gases is  nitric oxide (NO). Typical NO 
levels range from 100 to 1200 ppm. Higher NO levels generally occur with higher engine 
loads that result in higher engine temperatures. 

Both stationary and mobile diesel engines are employed at Air Force sites. Typical stationary 
engines produce back-up electrical power at critical sites, such as at computer or hospital 
locations. Mobile diesel engine applications include portable or mobile generators, air heaters, 
air-conditioners, and incinerators, small and large trucks, and buses. Each engine application 
presents i ts  own problems because each has different space constraints and each produces gases 
with different characteristics of temperature, flow rates, and composition. 

At least four different methods have been used in the past to remove nitrogen oxides (NOx) 
from waste gases. These methods include (1) selective catalytic reduction, (2) selective non- 
catalytic reduction, (3) reaction of the oxides with water or alkali solutions, and (4) sorption by a 
solid sorbent. The first two methods are receiving most attention today. In selective catalytic 
reduction, ammonia i s  commonly injected into the waste gas stream and the combination is  
passed across a catalyst to reduce nitrogen oxides to nitrogen and water. Disadvantages of this 
approach include high cost, narrow temperature range of applicability, and ammonia emissions 
into the atmosphere. In selective noncatalytic reduction, ammonia or urea is  injected into the 
engine or combustor itself or into the gas leaving the engine where temperatures are very high. 
Disadvantages of this approach are low NOx removals and the problems associated with the 
handling of ammonia or urea. Reaction of the oxides with water or alkali has seen only limited 
success because of NO, the principal NOx species in most gases, does not readily dissolve in 
water or react with alkali in aqueous solutions. 

APPROACH 
Sorbtech engineers have adopted two separate approaches in treating exhaust gases from 
stationary diesel sources and from mobile diesel sources. Each approach involves the use of 
activated carbon, but in different manners. 

Few materials sorb NOx well. An exception is  activated carbon under certain conditions. 
Specially prepared activated carbons can sorb 10 percent or more of their weight in NOx under 
ideal conditions. After NOx is  sorbed at a low temperature, heating the carbon to a higher 
temperature can release it. This process of sorbing NOx at a low temperature with activated 
carbon and releasing it at a high temperature has been used commercially in the past. This 
approach was pursued in treating exhaust gases from mobile sources. 

An observation by Sorbtech engineers made possible a second approach for use with stationary 
sources. It was found that certain activated carbons, when saturated with NOx, act as a catalyst 
for the rapid conversion of NO to NO,, in the presence of oxygen. The resulting gas stream 
containing principally NO,, instead of NO, was then observed to be readily treatable with water 
alone or with alkali solutions. This approach was pursued in treating exhaust gases from 
stationary sources. 
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MOBILE DIESEL-ENGINE APPLICATIONS 

System Design 
The concept for mobile applications consists of two steps: (1) capture of NOx with an activated 
carbon filter; and (2) regeneration of the filter after it is  saturated. The concept is  shown 
schematically in Figure 1. For mobile applications, Steps 1 and 2 are generally performed at 
two separate locations. In Step 1, the use of a prefilter is  recommended to remove particulates 
before the saturated carbon bed. Diesel engine exhaust gases usually contain huge amounts of 
particulates. Not only do large puffs of black particulates occur during engine start-up and 
during power changes, but smaller, PM-10 particles are emitted during all running conditions. 
Particle traps can be employed to effectively remove these particulates. A special vermiculite- 
based filter developed by Sorbtech likewise does an effective job in reducing particulates, 
particularly PM-10 particles. In Step 2, the carbon bed is  regenerated by simply heating the 
bed. The NOx released during regeneration is  destroyed by reaction with natural gas over a 
special catalyst developed by Sorbtech. The products of reaction are nitrogen, CO, and H,O. 

Figure 2 shows a mobile filter cart designed and constructed by Sorbtech to control emissions 
From Air Force mobile diesel generators. The cart was designed to be attached to the portable 
generator unit and to move with i t  to the usage location. Twenty-four separate activated carbon 
filters are employed on this cart. When saturated, the individual filters are removed from the 
cart and are processed in a separate regeneratiodNOxdestruction unit. 

Experimental Studies 
The effectiveness of activated carbon filters in reducing the levels of NOx and CO in exhaust 
gases from a mobile diesel generator was examined in studies at Wright Patterson AF8, Ohio. 
The results of these studies are listed in Table 1. Two filter designs were considered, one 
consisting of 9 inches of activated carbon alone and a second consisting of 6 inches of a 
vermiculitebased sorbent followed by 6 inches of activated carbon. The supplier of the carbon 
was Calgon Carbon Corporation. The exhaust gas was cooled to 600-1OO0F before entering the 
beds. During each run, the activated carbon bed temperatures increased to 1 1O0-12O0F due to 
heat of adsorption. The total run time was several hours. The residence time and flow rate of 
gas through the filters were 1 .O second and 40 SCFM, respectively. 

The results of these runs showed that average NOx removals of 54 to 64 percent were achieved. 
These results agreed well with earlier laboratory results. Laboratory results showed that NOx 
removals were a strong function of space velocity. Because lower overall gas velocities will 
occur with the mobile filter cart, higher NOx removals with this unit can be expected. 

/ 
STATIONARY DIESEL-ENGINE APPLICATIONS 

System Design 
The system developed to cleanse NOx and other contaminants from stationary diesel-engines 
exhaust gases is  shown schematically in Figure 3. This system consists of four components: a 
prefilter (to remove particulates); a gas cooling means; an activated carbon bed; and a NO, 
scrubber. The key component in this system is  the activated carbon bed that converts NO to 
NO,. 

Experimental Studies 
A number of carbons were examined for their ability to first sorb NOx and then convert NO to 
NO,. Two materials, one supplied by Calgon Carbon Corporation and one, an experimental 
char, supplied by the Illinois State Geological Survey proved to be particularly effective. 

In one test, for example, an 8.0 gram bed of activated carbon was exposed at 26OC to a 
simulated exhaust gas having the composition: 460 ppm NO, 50 ppm NO,, 10 wt% oxygen, 
and balance nitrogen at a flow rate of 4 liters per minute. The bed was exposed for 60 hours. 
Figure 4 shows the levels of NO and NO, entering and exiting the bed during the 60-hour 
exposure. In this figure, it can be seen that during an initial period, both NO and NO, were 
sorbed. After this period, however, NO ceased to be sorbed, but instead the NO partially 
passed through the bed and partially was converted to NO,. After a time, about 15 hours in this 
case, an equilibrium occurred in the ratio of NO converted to NO, and the level of NO passing 
through the bed. In this run, a conversion of NO to NO, of over 75 percent was achieved. 

In separate experiments, the ability of water and alkali solutions to scrub NO, and NO from gas 
streams was studied. Water alone was not effective in removing NO from gas streams, and 
concentrated alkali solutions were only partially effective. Water alone, however, was effective 
in removing the majority of the NO, present, and alkali solutions removed NO, almost 
completely. 
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TABLE 1. TEST RESULTS AT WRIGHT PATTERSON AFB 
ON MOBILE DIESEL-ENGINE 
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INTRODUCTION 
Although a tremendous amount of research has been and continues to be performed on the catalytic 
reduction of NO,',, the development of selective adsorbents for N Q  could provide a chemically 
benign option for the control of these emissions through a process which sequesters and then 
concentrates NOx. One requirement for an adsorptioddesorption process is a material with a high, 
reversible adsorption capacity. A number of potential adsorbents have been examined, including 
metal oxides3.*, ~eol i tes~ .~ ,  activated carbons '-", and carbon fibers 12~13 Activated carbons in the 
absence of Q have slow NO adsorption kinetics and low NO adsorption capacitiesx4J5. However, 
at temperatures between 20-12o"c and in the presence. of O,, recent studies has shown that both the 
kinetics and capacities are. enhanced dramatically'-". The research suggested that activated carbon 
catalytically converted NO + 'h 0, -b NQ, which then condensed within the micropores of the 
carbon. At atmospheric pressure and 70°C. the NO, adsorption capacities were as high as 150 mg 
NO, (g carbon)-'. Other coreactants such as CO, and H,O did not inhibit nor were significantly 
adsorbed. 

Our data suggested that the site(s) of NO --t NO2 conversion was different from the micorpores in 
which the NO, condensed'O. Therefore, it may be possible to pressure enhance micropore filling 
and improve the overall kinetics and capacities for NO. adsorption over a grkter temperature range. 
Such pore filling is influenced by a gas' van der Waals attractive force constant, de''. For example, 
the a constant for NO, is 25 times greater than that for NOx6, making NO2 the preferred adsorbate. 
However, increased temperature has a disordering effect, decreasing the van der Waals attraction" 
and impacting negatively the overall adsorption capacity. 

Since no work has been reported for pressurized adsorption-desorption of NOx over activated 
carbons, this study was initiated. In the current paper, the effects of pressure on the NO, adsorption 
capacity and kinetics over an activated carbon were studied, with specific attention to the effect of 
pressure on the storage of irreversible versus reversible NOx species. 

EXPERIMENTAL 
A Cahn C1100 high pressure microbalance and accompanying reactor was used for this study. The 
balance controls were interfaced to a personal computer for data acquisition. A cylindrical porous 
(100 m) stainless steel bucket, 10 mm O.D., 8 mm I.D. and 20 mm in length, was used as the 
sample holder. This bucket when loaded was suspended by a platinum wire and hook from the 
balance beam to a position within the heated portion of the high pressure cell. The reactor was 
enclosed within a vertical, split tube, furnace. which was regulated by a programmable temperature 
controller. Pressure in the reactor was maintained by a back pressure regulator. Gases flowing into 
the reactor were controlled by high pressure mass flow controllers. 

A VG Micromass quadrapole MS was used to monitor the gases leaving the reactor immediately 
down stream from the back pressure regulator. A heated (170°C) fused silica capillary was used 
to transfer a small aliquot of the gases leaving the pressure cell to an inert metrasil molecular leak 
which interfaced the capillary with the enclosed ion source of the MS. The MS has a Nier type 
enclosed ion source, a triple mass fiter, and two detectors (a Faraday cup and a secondary 
emissions multiplier). The MS was controlled by a dedicated personal computer which was also 
used to acquire and review scans. 

The identification of desorbed gases was done by using the major mass ions, 44, 32, and 18, for 
C02, 9, and K O  respectively. The major mass ion for both NO and NO, is 30. The relative 
abundance of mass 46 for NO, gas is approximately 40 X but in mixtures of gases this value can 
change. Therefore, NO and NO, were identified by comparing peak intensities of the mass ion 
ratio, 30/46, during desorption and relating these intensities to those obtained using mixtures of NO 
or NO2 and all combinations of gases used during our study. 

Approxhately 0.6 to 0.7 g of carbon were loaded in the zeroed sbple bucket. The weight of the 
carbon was monitored continuously. Each batch of carbon was subjected to several adsorption and 
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desorption cycles. The flow rate through the reactor was measured at room temperature and 
pressure and was maintained at 100 ml/m during the entire experiment which involved gas 
switching between He and the combustion gas mixture. The sample was first pre-conditioned by 
heating to 180-200°C in a flow of He to remove any pre-adsorbed NO,. The carbon was then 
cooled to the desired adsorption temperature before the first exposure to the simulated combustion 
flue gas. 

As the carbon approached saturation with adsorbate, the gases flowing through the reactor were 
switched to He and reactor pressure was lowered to atmospheric beginning a pressure release 
desorption step. Weight loss was monitored until no further changes were observed. The weight 
loss during this period was attributed to reversibly adsorbed species. System pressure was then re- 
established with flowing combustion gas mixture and another adsorption cycle was begun. The 
amount of irreversibly adsorbed material was determined by temperature induced desorption after 
reversible desorption was complete during some experiments. The adsorption variables studied 
were temperature (70 and 100°C) and pressure (14.7, 150,250, and 400 psi). 

A commercially produced activated carbon was used in this study. The carbon was physically 
activated using steam and had NzBET total, mesopore and micropore surface areas of 460, 20, and 
440 mYg, and volumes of 0.69, 0.45, and 0.24 ml/g, respectively. The NO. adsorption capacity 
of this carbon determined by thermal analysis-mass spectrometry was 120 mg NO, (g carbon)' at 
atmospheric pressure and 7 W  when a simulated flue gas, containing 2.0% NO, 5 %  O,, 15% CO,, 
0.4% H,O and He as the balance, was used. The reactant gas used for this work had the same 
composition. The gases were added simultaneously except during experiments where the carbon 
was presaturated with C02/0, before NO was added to the reactant mixture. 

Control adsorption experiments were performed to determine the contributions of He and C02/0, 
to the total weight gained by the carbon. The gases and gas mixtures used during these experiments 
were: He alone; NO in He; O,/CO, in He; and O,/NO in He. 

RESULTS 
Figure 1 shows results of an experiment with three consecutive adsorption - reversible desorption 
steps at a pressure up to 250 psi (pints a-bb) which followed a pre-conditioning step (up to point 
a), and one temperature induced desorption of the irreversibly adsorbed species (from point c). The 
mass uptake of NO2 was 200 mg (g carbon)-' at a temperature of 70°C. The weight loss following 
pressure release at point b was attributed to a reversibly adsorbed species. After pressure release 
(to point c) approximately 40 mg (g carbon)-', or 20% of the weight gain, remained on the carbon 
even after 1700 minutes of purging with He at 70°C. This more strongly bound adsorbate, 
considered as the irreversibly bound species, required temperature induced desorption to 180-200°C 
to be completely removed. The adsorption capacity associated with the reversibly adsorbed species 
was not affected by repeated adsorption - desorption cycles; as many as 10 cycles were performed 
using the same sample without loss of capacity. 

The effect of pressure on the adsorption of combustion flue gas components was studied using the 
adsorption - desorptionprofiles just described. Figure 2 is a plot of the amount of total, reversibly, 
and irreversibly adsorbed NO, verses pressure at a temperature of 70°C. Pressure improved total 
adsorption and increased the amount of reversibly adsorbed material while reducing the amount of 
irreversibly adsorbed species. Plotting the reversible adsorption data as the ratio of NO, volume 
adsorbed (carbon microporous volume)-', V,,N,,, verses the total pressure, P, results in a typical 
Type I isotherm'*. This type of isotherm suggested that micropore volume filling is important for 
NO, uptake, with the formation of a monolayer at pressures near 150 psi (Figure 3). 

Figures 4a, 4b and 4c show the weight loss and intensities of mass spectral peaks as a function of 
time durmg pressure release to atmospheric from either 400 psi or 250 psi, and during temperature 
induced desorption. For simplicity, only trends for masses 30,32 and 44 are displayed. The mass 
ion ratio, 30/46, for the data in Figure 4 was compared to the mass ion ratio obtained from standard 
mixtures. This comparison defined NOz as the only detectable nitrogen oxide species evolved 
during pressure release and thermal desorption. 

Increasing the adsorption pressure from 250 to 400 psi caused increased intensity for ion mass 30 
(NO3 and decreased or held constant the intensity for ion masses 32 (Q) and 44 (CO, ) during 
pressure release desorption. The data in Figure 4a and 4b, when compared to the data in Figure 
3, indicate that 0, and CO, may be important components of the reversibly adsorbed species (see 
below). Subsequent to eliminating the reversibly adsorbed species, the temperature induced 
desorption data in Figure 4c show that very little 0, evolved from the carbon, whereas significant 
amounts of CO, and NO, were present. 
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The time sequence by which NO,, Oz and CO, were desorbed was different during pressure release 
versus temperature induced desorption. During pressure release, the evolution of 0, and COz began 
immediately and maximized at approximately 115 s before the peak in the NO, desorption. During 
a thermal desorption cycle, the peak for NO, occurred 150 s before the CO, desorption peak, the 
temperatures of these maxima were 140 and 155°C for NOz and COz, respectively. It is !ikely that, 
whatever the source of the CO, in the mass spectral data, the origin of the COz detected during 
pressure release was different than the origin of CO , during temperature induced desorption. 
Because only a trace amount of Oz was detected during temperature induced desorption, its 
evolution time was not quantified. 

A comparison of desorption spectra from 150, 250, and 400 psi experiments clearly demonstrated 
that the amount of NO, released from the carbon increased with increasing adsorption pressure. 
In contrast, the amounts of stored 0, and COz did not appear to be uniformly affected by pressure. 
To quantify the relative contribution of NO,, CO,, and O, to the total mass uptake, control 
experiments were used to provide the relative amount of weight gain which could be related to each 
of these adsorbates. For example, data in Figure 5 ,  for experiments performed at 250 psi, 
confiied our previous findings at atmospheric pressure that less than 10 mg NO, (g carbon)-' was 
adsorbed if Oz was not present in the reactant This value is approximately 2% of the mass 
uptake for the case of simultaneous exposure to NO + O> During the CO,/Oz adsorption displayed 
in Figure 5 ,  the mass uptake was as great as 78 mg (g carbon)-', or about 36% of the total uptake 
when NO is also present in the reactant stream. In addition, Figure 6 shows that the relative 
contributions of the reactants to the total mass uptake were sensitive to temperature with less than 
10% of the total uptake at 100°C resulting from C02/Oz. The remainder of the mass uptake for 
the carbons was the result of NO + 'h Oz + (NOJ- 

The relative percent of reversibly and irreversibly adsorbed NO, removed from the sample is given 
in Figure 7. At 70°C and atmospheric pressure, approximately 65 % of the NOz in the carbon was 
reversibly desorbed: this percentage increased to 80% at 250 psi. At 100°C and atmospheric 
pressure, approximately 75% of the NOz in the carbon was reversibly desorbed; this percentage 
increased to greater than 95 % at 250 psi. Hence, increased pressure decreased the relative amount 
of NO, which was irreversibly adsorbed at each temperature. 

DISCUSSION 
The Type I isotherm in Figure 3 suggests micropore filling. We have applied both Langmuir theory 
and BET adsorption theory to these data with the identical conclusion that the NO, adsorbed within 
the carbon was primarily located within the micropores and that a monolayer capacity within these 
pores was reached at total pressure near 150 psi19. Other work has shown that micropore fiiling is 
not effective for gases which have critical temperatures less than the temperature used during 
adsorption3. NOz is the only gas in this study with a critical temperature (158 "C) that is greater 
than the adsorption temperatures which were used. Hence, the amounts of NO, 0,, and COz 
adsorbed in the micropores should be expected to be small in comparison to the amount of NO, (see 
Figure 6). However, at 250 psi and 70"C, the amount of CO, adsorbed was 78 mg (g carbon).', 
a value representing 36% of the total uptake of the carbon. This uptake was possibly a consequence 
of the increased pressure affecting COz condensation since the critical temperature for COz is 3 1°C 
which is close to the adsorption temperature, 70°C. The low value of the critical temperature for 
NO (-93°C) also indicates that it would not be a stable, adsorbed species in the carbon's micropores. 

Another factor which favors NO, adsorption is its high van der Waals force constant, a, which is 
1.5 times greater than the a constant for CO,. Therefore, the amactive force between NOz 
molecules upon entering the pores would be greater than for COD This difference may m u n t  for 
the desorption of C02 before NOz during pressure release. During temperature induced desorption, 
the evolution of COz subsequent to NO, desorption may be related to the gasification of carbon at 
C-0 bonds. 

The total amount of gaseous NO, (at STP) adsorbed into the activated carbon at 400 psi and 70°C 
is approximately 70 ml (g carbon)-'. This value is significantly larger than the amount of NO 
reported to occupy the microporosity of cationexchanged zeolites2. In addition, the amount of 
irreversibly adsorbed NO, in the activated carbon at 250 psi and 100°C is less than 5 X of the total 
amount of adsorbed NO,. Such a value is as gwd as or less than values reported for the cation- 
exchanged zeolites. 

SUMMARY AND CONCLUSIONS 
The amount of NO, reversibly adsorbed on activated carbons increased with pressure over a range 
of pressures from 15-400 psi. At 100°C and 250 psi pressure, the amount of NOz adsorbed was 
nearly the same as at 70°C and atmospheric pressure and 3 to 4 times greater than at 100 C and 
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atmospheric pressure. The NO, adsorption Type I isotherm suggested that the reversible NO, 
adsorption mechanism involved micropore filling. The time profdes during pressure release and 
temperature programmed desorptions were consistent with important roles for critical temperature 
and pressure and van der Waals forces in the adsorption and condensation of NO,, C Q ,  and Q 
within the micropores of the carbon. 
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INTRODUCTION 
A wide range of NO, control processes for electric utilities are under investigation to compete 
with the current processes such as selective catalytic reduction (SCR). Although SCR using 
NH, is effective for NO reduction, the process suffers from many disadvantages [l]. In 
addition, current SCR processes must be located at places within the flue gas treatment process 
where temperatures are near 400 "C. Retrofitting SCR into these locations in the plant is costly 
because space and access in many power plants are extremely limited [2]. Therefore, there is 
a need to develop NO, control technologies that can be located downstream of the particulate 
control device, near the stack, where temperatures are around 150 "C. 

This study investigates the low-temperature selective reduction of NO with hydrocarbons under 
simulated flue gas conditions over carbon and carbon-supported catalysts. NO oxidation to NO, 
was also investigated as a way of making NO more reactive with hydrocarbons or easier to be 
removed by absorption at these temperatures. 

EXPERIMENTAL 
Four active carbon samples including type GI of Bamebey & Sulcliffe Corp. (GI), GmbH from 
Carbo-Tech (GmbH), PCB from Calgon (PCB), and Rheinbraun AG (AG) and one active car- 
bon fiber (Osaka) provided by Professor Machida (Kyushu U.) were used in this experiment. 
All the granules were broken into 16/30 mesh particles followed by dryiig at 120 "C overnight. 
The carbon-supported catalysts were prepared by pore volume impregnation. The impregnated 
catalysts were first dried under vacuum at m m  temperature for 2 h, then at 60 "C for 2 h and 
80 "C overnight. All catalysts were heated with 150 cm3/min of helium at 400 "C for 1 h 
before reaction. The schematic of the experimental system used in this study is the same as 
shown in the authors' previous report [31. NO reduction was tested with 400 cm3/min of 0.1% 
NO, 4% 02, 8% 30, and hydrocarbons in He over 7 g of catalysts. NO oxidation was carried 
out with 400 cm3/min flow of 0.1% NO, 4% 0,. and balance He over 4 g of catalysts. 

RESULTS AND DISCUSSION 

NO Reduction 
Supports. Four carbon-supported Cu catalysts were tested for the selective reduction of NO at 
150 "C. BET surface area measurement was carried out for those carbons. The surface areas 
ranged from 90 m2/g to 943 m2/g. The activities for NO selective reduction with acetone were 
investigated in the presence of 0,. The activity over Rheinbraun AG, with the lowest surface 
area (90 m2/g), was the lowest among the carbons tested. The activity for NO conversion was 
much better for GmbH from Carbo-Tech with surface area of 440 mz/g. The initial NO 
conversion for Carbo-Tech carbon was high, but decreased to -20% after 5 h. PCB from 
Calgon (927 m2/g) and GI of B&S (943 m2/g) carbons were the two best catalysts for NO 
reduction with acetone in the presence of 0,. The NO conversions were 26% and 32% after 
5 h for GI and PCB, respectively. The results indicate that carbon materials with higher surface 
area would be better for NO selective reduction with acetone in the presence of 0,. Although 
the surface area of GI was about the same as PCB, the activity of PCB was somehow more 
stable than GI. This result suggests that the surface area was not the only factor affecting the 
activity of carbon catalysts for NO reduction. Factors such as pore size and Cu dispersion could 
influence the catalytic activity and the stability of reaction. 

Reductants. Because the NO reduction activity of PCB was the best among the carbon 
materials tested, further investigation was focused on supported PCB catalysts. The NO 
conversion over 5%Cu-2%AglC with various hydrocarbons as reductants in the presence of 0, 
and H,O is shown in Table 1, along with the results in the absence of any hydrocarbon. The 
efficiency order of reductant was acetone>2-propanol>isobu~o~thyl ethehpropene, ethanol> 
methanol. The major NO reduction product was N, with >99% selectivity. Acetone was the 
most active reductant for NO selective reduction in the presence of 0, and H,O over the 
5%Cu-2%Ag/C catalyst at 150 "C. The NO conversion with acetone was 35% with 3,000 h 1  
space velocity after 5 h on stream. Interestingly, the NO conversion without any reductant was 
higher than the conversion using propene, ethanol, or methanol as reductant The results suggest 
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that propene, ethanol, and methanol inhibit the d k c t  reduction of NO with carbon which is 
known as catalyzed by Cu in the presence of 0,. 

The necessity of oxygen to promote the reduction of NO by acetone is shown in Figure 1. The 
NO conversion was low in the beginning and decreased to -10% after 20 min on stream for 
the reaction without the presence of 0,. With 1 % of 0,. NO conversion was high and slowly 
decreased to a steady level. With 0, concentration of 4%. the reduction activity followed the 
same trend except with higher NO conversion. This shows that the reaction of NO directly with 
acetone is not significant in comparison with the NO selective reduction in the presence of 0,. 
Under the reaction conditions, the fast decrease of NO conversion during the first hour is not 
due to the NO adsorption on carbons since the conversion is also low in the absence of 0,. It 
is also unlikely that the decrease of NO conversion is caused by the adsorption of NO, since 
NO, decomposes quickly to NO on the surface of carbons. 

Effeef of H20 nnd SO,. Most literature shows an inhibiting effect of H20 on NO reduction 
over various catalysts, e.g., Cu-Zro, [4] and Co-ZSM-5 [l]. In contrast, results on 596Cu-2% 
Ag/C showed that H20 had no effect on NO reduction. The conversion of NO with 8% HzO 
or without H,O was essentially the same. Probably the highly hydrophobic property of carbon 
material surface prevents the interference of H,O. SO,, on the other hand, has a large negative 
effect on NO selective reduction with acetone. As shown in Figure 2, the catalyst deactivated 
very fast with 0.1% of SO,. It is suspected that the presence of SO, poisons the metals by the 
formation of metal sulfates which deactivate the NO reduction activity. 

Eflecf of Mehls.  Carbon alone is known as a catalyst for the selective reduction of NO with 
ammonia [SI. Figure 3 shows the NO conversion versus time for the carbon alone and for the 
5%Cu-2%Ag/C catalyst. The enhancing effect of Cu+Ag on the activity of active carbon for 
NO conversion can be clearly seen with acetone as a reductant. The NO conversion decreased 
rapidly on active carbon alone (without Cu+Ag) with acetone in the presence of 0, and H,O. 
NO conversion was negligible after 1 h of reaction. On the other hand, the NO conversion over 
5WCu-2%Ag/C slowly decreased to 35% after 5 h. The results show that acetone in the absence 
of oxygen is not an effective reductant for NO reduction and it suggests that the function of 
Cu+Ag is to promote the oxidation of acetone for the selective reduction of NO. All 
experiments, with one exception, over S%Cu-Z%AglC in the presence of 0, showed nearly 
100% N, selectivity, Le., no NzO was formed. The only exception was the NO reduction with 
acetone in the absence of 0,. which showed >80% N20 selectivity, suggesting that the NO 
reduction pathway in the presence of 0, is different from the pathway in the absence of 0,. 
The formation of N,O is probably from the direct reaction between NO and acetone or from 
the disproportionation of NO [61. The high selectivity of the S%Cu-Z%Ag/C catalyst may be 
related to low catalyst activity for the activation of molecular oxygen, as observed on some 
solid acid catalysts [7]. Other metals supported carbon catalysts, such as Pt and Pd, were also 
tested for NO selective reduction with acetone. However, the NO reduction activity over Pt and 
Pd supported catalysts was much lower than the activity with Cu+Ag. Besides lower NO 
reduction activity with F't and Pd, lower selectivity to N, was also noticed. 

NO Oxidation 
Active Carbon Fibers vs Active Carbon. Both the activated carbon fibers (ACFs) and PCB 
active carbon showed high NO oxidation activities at low temperature. The results are 
summarized in Table 2. At 30 "C with 4w) pprn NO, 4% O,, and balance He, NO conversions 
are 90% and 82% over ACF and active carbon, respectively. The activity, however, decreases 
with the temperature. At 75 "C, the NO oxidation conversion decreased to 51% and 42% on 
active carbon fibers and active carbon, respectively. Negligible oxidation was observed at 
120 "C. This is consistent with results reported by Machida et al. [8]. The oxidation activity 
of both active carbon fibers and active carbon are interesting. Figure 4 shows the NO, 
concentration versus time during NO oxidation reaction over active carbon at 30 "C. h the 
beginning, the adsorption of NO, is severe. The concentration of NO increased with time and 
no NO, was detected for the first 7 h. After 7 h, NO, adsorption sites were saturated and as 
a result NO, breakthrough was observed. This suggests that NO, is adsorbed more strongly 
than NO on carbon materials. 

Eflect o fh&edmenl .  Three different pretreatments were tested to increase the NO oxidation 
activity of active carbons including heat treatment at 800 "C in N,. reduction with H, at 
800 "C, and oxidation using HNO,. The results are shown in Table 3. None of the pretreat- 
ments increased NO oxidation at 120 "C. As reported by Machida et al. [8], the heat treatment 
increased the oxidation activity of active carbon fibers for NO to NO, in the presence of H,O. 
It is speculated that the increased oxidation activity of fibers is from the formation unsaturation 
of carbon surface by the liberation of CO and CO, with the heat treatment in N,. The removal 
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of the oxygen functional p u p ,  which increases the hydrophobic nature of the carbon, also 
contributes to the increase in NO oxidation activity of carbons in the presence of H,O. HOW- 
ever, as shown in Table 3, the heat treatment actually slightly decreased the oxidation activity 
of the PCB active carbon at 75 "C. The NO oxidation activity decreased from 42% to 35% at 
75 "C after the heat treatment. 

It was reported that H, reduction at high temperature was able to reduce the oxygenated 
functional p u p s  on carbons [9]. The active carbon pretreated with H2 was then tested for NO 
oxidation. The activity, also shown in Table 3, was negligible at 120 "C. The oxidation activity 
at 75 "C was close to the activity after the heat treatment and was lower than the catalyst 
without pretreatment. Both heat treatment and H, reduction treatment were intended to remove 
the oxygenated functional groups on carbon and to improve the oxidation activity. However, 
the results showed a negative effect on NO oxidation to NO,. The results of active carbon for 
NO oxidation after the HNO, treatment are also included in Table 3. The activity was 
negligible at 120 "C and was only 28% at 75 "C. 

All pretreatments resulted in some negative change of the activity of activated carbons for NO 
oxidation, indicating that the functional groups alone do not play the major role in the NO 
oxidation reaction. It is possible that the cooperative relationship between oxygenated functional 
groups and nonoxygenated functional groups is important for NO oxidation to NO,. 

Eflects of SO, nnd H,O. The effect of SO, on NO oxidation activity over heat-treated FCB 
active carbons was studied by adding 0.1% SO, to the inlet gas. The results are also shown in 
Table 3. The NO oxidation activity was negligible in the presence of SO, over the catalyst at 
120 "C. When the reaction temperature was further decreased to 75 "C, no oxidation activity 
was observed as compared to 35% NO oxidation conversion in the absence of SO,. The result 
suggests that the presence of SO, poisoned the oxidation activity of carbon catalysts, which is 
similar to the results reported in the literature [lo-121. The competitive adsorption of NO and 
SO, on carbon surfaces is possibly the cause. 

We also tested the combined effect of SO, and H,O on the active carbon for NO oxidation. 
As reported earlier [13], SO, greatly promotes the NO oxidation reaction in the presence of 
H,O over Co/Al,O,. However, the NO oxidation activity was negligible over the active carbon 
in the presence of SO, and %O at 120 "C. 

Active Carbon Supported Cahzlysts. Five percent cobalt oxide and 1% iron oxide supported on 
active carbons were tested for NO oxidation. The results are summarized in Table 4 to compare 
with the NO oxidation activity of unsupported active carbon. Again, both active carbon- 
supported catalysts showed negligible activity at 120 "C. It is believed that the decomposition 
activity of carbons for NO, to NO is too fast at 120 "C to be overcome by the oxidation 
activity of metal oxides. The activities at 75 "C were obtained followed by the tests at 120 "C. 
The NO oxidation activities were 26% and 24% over 1% iron 0xiddA.C. and 5% cobalt 
oxiddA.C., respectively. The activities of active carbon-supported catalysts were lower than 
the unsupported catalyst at 75 "C. 

CONCLUSIONS 
Acetone was the most active reductant for NO selective reduction over 5%Cu-2%Ag/C among 
the hydrocarbons tested. Acetone, oxygen, and carbon-supported Cu+Ag catalyst are all 
required to maintain high NO conversion and high N, selectivity at these low temperatures. 
Although 35% NO conversion is relatively high at 150 "C in the presence of 0, and H20, 
further improvement is needed for the process to be competitive with other processes. The NO 
reduction activity of Cu-Ag/carbon with acetone was also greatly decreased by the presence of 
0.1% SO,, which may be present even downstream of some flue gas desulfurization systems. 

Both active carbon fibers and active carbon are active for NO oxidation to NO, at low 
temperature. At 30 "C and 0.01 gmin/cm3 space velocity, the NO conversions to NO, were 
90% and 82% on active carbon fibers and active carbon, respectively. However, the activity 
decreased with the temperature, becoming negligible at 120 "C on both active carbon fibers and 
active carbon. Different treatments (heat Ueatment at 800 "C, reduction in H,, and oxidation 
with HNO,) and additional metals did not improve the NO oxidation activities of carbons at 
120 "C. With the addition of O.t% SO,, the NO oxidation activity of activated carbon was 
poisoned and the conversion was negligible at 75 "C. 
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Table 1. NO Selective Reduction by 
Hydrocarbons over S%Cu4%A%C 

(1,OOO ppm NO, 4% 0,, and 8% H20, 
3,000 Y', 150 T ) '  

5 .  

6. 
7. 

8. 
9. 

10. 
11. 
12. 
13. 

Table 2. NO Oxidation to NO, over 
Active Carbon Fibers (ACF) and PCB 

Active Carbon (A.C.) 

NO N, Temixrature 
Conversion Selectivity 

Carbon 30°C 75 "C 120°C Reductant (%) (46) 

0.13% acetone 35 >99 ACF 90% 51% negligible 

0.13% 2-propanol 31 >99 FCB A.C. 82% 42% negligible 
0.10% isobutanol 25 >99 

'99 
'99 
'99 

Note: Activities were obtained after 40 h on 
s a a m .  Reaction conditions: 400 ppm NO, 4% 0,. 
and balance He: 400 cm3/min over 4.0 I! of 

0.08% ethyl etherb 18 
0.20% ethanol 4 0  
0.11% propene <10 
0.40% methanol negligible >99 catalysts. 
none 11 >99 
' AU cafalysts subjected to He treatment at 
400 "C for I h before reaction. The conversion 
and selectivity was taken after 5 h on stream 
The concentration of ethyl ether was Limited by 
its solubility in water. 

Table 4. NO Oxidation to NO, over 
PCB Active Carbon (A.C.) and Active 

Carbon-Supported Catalysts 
Table 3. NO Oxidation to NO, over 

PCB Active Carbon (A.C.) 

Temperature Temperature 

Catalvst 120 QC 75 "C PCB A.C. 120 oc 75 "C 
~~ ~ ~ 

Fresh negligible 42% 

Heat watment negligible 35% 
Fresh A.C. negligible 42% 

negligible 319b 1% iron oxide negligible 26% 
& r .  
A.L. 

HNO, oxidation negligible 28% 
With 0.1% SO, negligible negligible A.C, 

590cobalt negligible 24% 

With 0.1% SO, negligible not 

Note: Activities at 120 "C were obtained after 
24 h on stream and the activities at 75 'C w m  
obtained after 24 h at 120 OC and 40 h at 75 'C. 
Reaction conditions: 400 ppm NO, 4% 0,. and 
balance He; 400 &I& over 4.0 g of catalysts. 

Note: Activities at 120 "C w m  obtained after 
24 b on stream and the activities at 75 "C werc 
obtained after 24 b at 120°C and 40 hat 75 O C .  
Reaction conditions: 400 ppm NO, 4% 0,. and 
balance He; 400 cm)lmin over 4.0 g of catalysts. 

+ 10% H,O 
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KEYWARDS : NO reduction, Pitch based ACF, Initial stage of NO-NH3 reaction 

INTRODUCTION 
.Removal of NO in the atmosphere as well as the flue gas is still an objective to increase the 

efficiency. The present authors have reported a significant catalytic activity of pitch based active 
carbon fiber for the reductive[l.2] and oxidative[3] removal of NO at room temperature, 
especially after the ACF was heattreated at a proper temperature.[4,5] The problem to be solved is 
the inhibition of humidity above 70% relative humidity (rh).[6,7] Hence the enhancement of the 
activity in the humid area is the major target be explored. 

In the present study, adsorption and reduction of NO over pitch based active carbon fiber 
(ACF) was analyzed especially at the initial stage of NO-NH3 reaction where the high rate of NO 
removal was observed ever the ACF in the humid air, although the activity decreased gradually to 
the stationary level. The analyses of NO adsorption and reduction over the ACF may suggest 
plausible ways how to maintain or regenerate such an activity for more efficient process of NO 
removal. 

EXPERIMENTAL 
The ACF examined in the present study was a pitch based active carbon fiber supplied by 

Osaka Gas Co. (OG-SA, surface area 800m2/g). The ACF was heattreated at 850'C to develops 
the highest activity for NO reduction with NH3 (OG-SA-HS50). 

The reactivity and adsorption of NO-NH3 (200 and 300ppm respectively in air) was studied by 
a conventional flow reactor at 25 to 70'C. The ACF of 0.5g (8cm length) was pa'cked in the 
reactor. The flow rate of the total gas was fixed at 100 mYmin. Humidity of air was controlled by 
feeding H20 in the reactor. 

By analyzing the outlet NO and NH3 concentrations by NOx meters (NH3 was oxidized before 
the analysis), the removal and desorption of NO were quantified to calculate the adsorption and 
the reduction of NO. 

The desorption of NO and NH3 adsorbed on the ACF during the NO-NH3 reaction and their 
single flow was performed by program heating up to 300'C the ACF bed in the flowing He of 
100ml. The heating rate was 3.3'Umin. 

RESULTS 
Removal of NO in the reactor with NH3 over OG-SA-HS50 

Figure 1 illustrates the removal of NO in the presence of NH3 in dry and humid (80%rh) airs 
over OG-SA-HS50 at 25 to 70'C by W/F : 5~lO-~g,min/ml.  NO was completely removed for 
initial 20min at 25'C in dry air and then its removal decreased gradually for 120min to give a 
stationary removal of 98%. The higher temperature shortened the periods of complete removal 
and gradual reduction, reducing the stationary removal. Thus the stationary removal obtained at 
40, 55 and 70 was 85, 75 and 50%. respectively. 

Relative humidity of 80% eliminated the period of complete removal under the present 
conditions and reduced the stationary removal to 20,60,50 and 40%, respectively, at 25.40,55 
and 70'C. It should be noted that an intermediate temperature of 40'C allowed the largest removal 
of NO in humid air of 8O%rh. k i n e  verv contrast to the reaction in drv air - ,  ,- 

of NO and NH3 at the earlv mee of the reaction 
Figure 2 illustrates the temperature programmed desorotton of adsorbed NO and NH3 over .. 

OG-fA-HS50 after for the NO:NH3 reaction at 25'C for 3h: 
NO started to desorb at 30%. slowly up to 60'C, after which the desorption became may rapid 

to reach a maximum at 80°C. Further heating provide another maximum at 180°C. The total 
amount of desorbed NO was 7xlO-*mmoVg ACF. 

Ammonium started to desorb immdiately after the switch of carrier gas and increased rapidly its 
concentration to the maximum at 40°C. The second maximum of small concentration was found 
at 230'C. 

Figure 3 summaries the amounts of adsorbed NO after 3h reaction at several reaction 
temperatures, as measured by the procedure described in Figure 2, . The amount under dry 
conditions decreased monotonously at higher temperatures. In contrast, the amount at 80%rh 
showed the maximum at 40°C where the inhibition of H20 may be reduced. 

The conversion of NO by 3h shown in Figure 1 includes the amounts of reduced as well as 
adsorbed NO. The amounts of reduced NO thus calculated are plotted also in Figure 3. The 
amount of NO by 3h under dry conditions was much the same up to 55°C. then decreased 
sharply. Hence the conversion decreasing at the higher reaction temperature shown Figure 1 
decreases reduction of NO reduction as well as adsorption. 

In contrast, the amount of NO reduction was much higher at 40 - 70'C than at 25'C in humid 
air. Inhihition by H20 on reduction and adsorption of NO is reduced at higher temperature where 
the adsorption of H2O is minimized. 

313 



Figure 4 shows the adsorption amount of NO alone over OG-8A-H850 for 3h where 
adsorption appeared saturated. The woun t  of NO adsorption were very similar to those during 
NO-NH3 in the same temperature range, indicating that the adsorption of NO is saturated 

Figure 5 illustrates the descnytion profiles of NO during the NO-NH3 reaction over OG-8A- 
H850 after the reaction with 300ppm NH3 alone for 3h at 25 -55'C. Desorption amount of NO 
was markedly reduced by the reactlon with NH3. NO desorbing at the lower temperature was 
reduced more readily by the reaction. The higher temperature reduced more NO of desorption. 

DISCUSSION 
The present study focussed the early stage of NO-NH3 reaction over a pitch based active 

carbon fiber of fairly large surface heattreated at 850'C. At the initial stage, NO was completely 
removed by adsorption and reduction over the ACF. The adsorption took place rapidly to 
conmbute principally to the removal at the very initial stage, however its contribution decreases as 
the progress of run because the adsorption approaches the saturation. After the saturation of the 
adsorption, the NO removal becomes stationary. Although humidity reduces both adsorption and 
reduction, the situation of the NO removal over the ACF was basically common. 

The higher reaction temperature reduces the adsorption of NO to decrease its reduction in dry 
air as previously reported and hence NO removal decreases. In contrast, the higher reaction 
temperature up to 40'C increased both adsorption and reduction in humid air because the 
inhibition of H2O due to its adsorption decreases markedly up to 40'C. A particular temperature 
of 40'C allows the highest removal by compromising adsorptions of NO and HzO. 

The adsorbed NO at the early stage stayed unreduced while NO and NH3 are fed. However 
NH3 alone can reduce NO, the higher temperature up to 45'C accelerating the reduction. It should 
be noted that two adsorbed species of NO are present on the ACF, of which desorption 
temperatures are very different and that the NO species desorbing at the lower temperature is 
moa  reactive with NH3. It is also worthwhile to note that the stationary reduction of NO does not 
appear to reflect such adsorbed species. More details of NO adsorbed species are of value to be 
analyzed. The lower stationary removal of NO in humid air is a task to be overcome for the 
practical application. The removal of NO at early stage which includes both adsorption and 
reduction can be applied for the complete removal where the regeneration of adsorption ability by 
reducing adsorbed NO and NO removal can be practically cycled. The optimization is the next 
target of the study. 
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Fig. 3 NO reduction and adsorption over OG-8A-H850 
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Fig.5 Desorption after regeneration with NHi of adsorbed NO 

during NO-NHi reaction 
ACF : OG-SA-HXSO (Pitch based) 
Reaction : NO : NHI = 1 :1.5 (NO = 2COppm). 02 = 10%. N2 balance. 
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I Regcn. Temp. = 25C 

0 0 = 3 5 C  8Non-Regcn.  
n 0 =45C 

316 

W /F= 5 X IO -3g . min . ml.’, r.h. = O%,Timc : ISOmin 

Regen. Temp. = 55C Q 



i 

EFFECT OF PRESSURE ON THE HEATS OF SORPTION AND 
DESORPTION OF 0,, NO AND N,. ON AN ACTIVE CARBON 

AND A CARBON MOLECULAR SIEVE 

A. J. Groszek, 

Microscal Ltd. 79 Southern Row, London W10 5AL U.K. 

Keywords: carbon molecular sieve : pressure : heat of adsorption 

Introduction 

Pressure swing adsorption techniques with the use of carbon molecular sieves (CMS) are 
now all established for the separation of individual components of gas mixtures. One 
important example of such a separation is the isolation of pure oxygen and nitrogen from 
air. Recently K.M. Thomas, M.L. Sykes and H. Chagger have shown that the heat 
evolution which accompanies the adsorption of 0, and N, on various CMS's from a 
stream of helium, takes place at rates which are closely similar to the heats of adsorption, 
with nitrogen adsorbing much more slowly than oxygen (1). The work was carried out at 
room temperature and at atmospheric pressures. Pressure swing separation processes 
which are used industrially, employ adsorption pressures that can vary from atmospheric 
pressure to 20 barg. The application of pressure increases the adsorption of individual 
components of gas mixtures and generates heat evolution due not only to adsorption of the 
first layer of molecules, but also to the pore filling phenomena which dens.ify the gas 
contained in micropores. The heats evolved or absorbed during pressure swing operations 
are important parameters which affect the efficiency of gas separation operations as 
indicated recently by Sircar (2). But so far experimental determination of the heats of pore 
filling and gas adsorption on molecular sieves have not received much attention. This 
work was carried out, therefore, to determine experimentally the effect of pressure on heat 
evolution during adsorption of 0, and N, on a commercial molecular sieve and an active 
carbon using a Microscal Flow Microcalorimeter (FMC) modified for use at high pressures 
under static conditions. 
The pressures of oxygen and nitrogen in contact with the adsorbent were increased in 
steps from 1 to 20 barg and decreased back to atmospheric pressures and the resulting 
heats of sorption determined together with the duration of each heat effect. A limited 
amount of work was also carried out on nitric oxide. 

Experimental 

A schematic diagram of Microscal's Flow Microcalorimeter (FMC) which can be used under 
static conditions at pressures up to 50 barg is shown in Figure 1. In the procedure used, 
the calorimetric cell which had a volume of 0.17 cc was filled with accurately weighed 
adsorbent, with outlet tuba in position, and the cell closed by a tightly fitting stainless steel 
inlet tube. The inlet tube is connected to a gas cylinder via a Druck pressure regulator 
capable of increasing or decreasing the gas pressure inside the cell in steps determined 
by the operator. The heat effects produced by the increasing or decreasing pressures are 
measured by the thermistors and calibration is effected by generating heat effects inside 
the cell electrically, as desaibed previously for a Flow Microcalorimeter (3). The cell in the 
high pressure instrument is made from MACOR (glass reinforced with mica flakes) (jiving 
high temperature and pressure capability and very low time constant. With the inlet open 
and the outlet tube closed, the pressure was changed in a stepwise fashion resulting in the 
generation of heat effects. A typical record of one such measurement series is shown in 
Figure 2 for 0, and N, adsorbed sequentially on a 0.095 g sample of Bergbau molecular 
sieve. The carbon adsorbents used in this study were Chemviron BPL active carbon and 
a commercial sample of a Bergbau molecular sieve. Gases were Aldrich materials with 
purities exceeding 99%. All Ihe work was carried out at 20% f i°C. 
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Results and discussions 

A plot of differential heat effects represented in Figure 2 for the adsorption'of O,.and N, 
on the carbon molecular sieve is shown in Figure 3. There is a clear difference between 
the two gases with the ratio of the heats for 0, and N, diminishing as the pressure 
increases,,nis suggests that the efficiency of gas separation would be somewhat higher 
for pressure swings of 0 - 2 barg than it would be for the swings of 18 - 20 barg. 
notwithstanding the greater amounts of gas throughput at the higher pressures. The heat 
effects plotted in Figure 3 do not take into acwunt the rates of heat evolution which are 
very different for 0, and N,, as illustrated by the heat evolution peaks shown in Figure 4. 
It appears, however, that the differences in the rates of heat evolution under a pressure 
swing regime are smaller than those reported by K.M. Thomas et al for the adsorption at 
atmospheric pressure (1). 

Flpurn I 

CUMULATIVE HEATS OF ADSORPTlONlDESORPTlON OF 
O2 AND N, ON BERGBAU MS CAUSED BY PRESSURE 

CHANGES BETWEEN 0 AND 20 bars AT 20 .C. 

Figure 1 
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The differences between the heats adsorptions of 0, and N, on C M S  and active carbon 
BPL are shown in Figure 5 for pressure changes between 0 and 2 barg. As can be seen, 
the active carbon, as expected, shows very different behaviour from the C M S  and gives 
slightly higher heats of adsorption for 0, than for N, The active carbon does not show any 
significant difference between the rates of heat evolution. However, for C M S  it is evident 
that the periods of heat evolution for N, are longer than they are for 0, . If it is assumed 
that the rates of heat evolution are directly related to the rates of adsorption, the 
differences between the rates can be used to optimise the gas separation efficiency over 
the whole range of the pressures investigated. 
A brief investigation of the effect of pressure on the heat of adsorption of NO shows that 
this gas is very strongly adsorbed on both carbons and that the adsorption that occurs 
initially at low pressures is to a large extent irreversible. However, after saturation of the 
surface sites on the carbon with the chemisorbed NO, the additional more weakly 
adsorbed gas gives much higher increases in the heats of adsorption to those shown by 
nitrogen or oxygen. This is shown in Figure 6 in which the heats of adsorption after the 
initial contact of NO with the carbon molecular sieve are monitored during pressure 
changes between 0 and 2 barg. The first adsorption cycle gives a higher heat of 
adsorption than the following two cycles for which the heats of adsorption continue to be 
higher than the heats of desorption. The rates of heat evolution for NO are even slower 
than those shown by N,, indicating that even the weaker more reversible adsorption of NO 
is still much stronger than that of N, and 02. The rates of heat evolution are also relatively 
low for NO indicating a difficulty that the molecule has in entering and leaving the 
micropores modified by chemisorption after several cycles of NO adsorption. The 
subsequent adsorption cycles of 0, give much higher heats of adsorption and are of longer 
duration than those obtained on C M S  before contact with NO. Clearly the interaction of 
CMS surface within the pores with NO changes fundamentally the nature of the interaction 
between the 0, molecules and the micropores in the C M S .  
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Conclusions 

The heats of adsorption and desorption of 0, and N, change significantly when the 
pressure is varied between 0 and 20 barg at room temperature. The changes are much 
greater for 0, than for N2 on carbon molecular sieve, but this effect is not observed for a 
typical active carbon which adsorbs both 0, and N, with similar intensity and similar rates 
of adsorption. The work indicates that apart from the sieving action the pore filling 
mechanism may play an important role in the separation of gases on carbon molecular 
sieves. The adsorption of NO on microporous carbons is very intense and is partly 
irreversible. NO modifies the nature of the adsorbing sites in the carbon molecular sieve 
investigated and makes the adsorption of 0, on such a modified adsorbent much stronger 
and apparently more extensive. 
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ACTIVATED CARBON FIBERS - PAST, 
PRESENT, AND FUTURE 

b y  
J. Economy, M. Daley, C. Mangun 
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University of Illinois 
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Introduct ion  

In this paper the background to the development of activated carbon 
fibers (ACFs) is reviewed, and then some of the recent progress of the past 
several years is discussed. Finally, a glimpse of the future for this field is 
provided which builds on some very recent results produced in our group. 

available in developmental quantities at that time. Since then, Nippon 
Kynol, the current manufacturer, has developed a number of niche 
markets which today have resulted in a multi-million dollar industry. 
Surprisingly, it is only in the last several years that a number of 
researchers have begun to examine this very interesting family of 
materials as witness the number of papers on ACFs in this Symposium. 

$100flb and hence hardly compete with the activated carbon granules 
(ACGs) which are available for $1.00/lb. and less. Hence, the ACFs only 
find commercial application in those areas where the unique textile forms 
of the ACFs permit use based on the greatly improved contact efficiency of 
the fibers. 
ACFs at a cost much closer to that of ACGs. Hence, one would anticipate a 
major market opportunity not only as a replacement of ACGs, but also from 
the creation of many new markets which are not available to ACGs because 
of the need for containment. 

The ACFs were first developed in the period of 1969-72 and made 

It should be noted that the ACFs are currently priced in the range of 

For the future, we have recently shown that we can prepare 

. 

Past (1963 - 1975) 
In 1963, at the Carborundum Co. we first showed that we could 

prepare crosslinked phenolic (phenol formaldehyde) fibers by spinning 
from a Novolac melt and then curing with HCI + CH20.(1) This fiber could 
be processed into a wide range of textile forms by conventional methods. 
It also displayed an outstanding flame resistance. In 1969 we 
commercialized this fiber under the trade name Kynol as a potentially low 
cost textile for use in highly aggressive environments. 

produce a range of high surface area ACFs by heating the Kynol in steam 

quantities available commercially in the USA and also a joint venture 
company in Japan, Nippon Kynol Inc. In 1974, commercial development 
was transferred to Nippon Kynol and the program was terminated at the 
Carborundum Company. 

developing and characterizing the ACFs. Thus, we were able to finalize on 
three ACFs with nominal surface areas of 1500, 2000 and 2500m2/g. The 
2500m2/g ACF was shown to have the highest capacity, but was also the 

More pertinent to this article, we showed in -1968 that we could 

. 700 - 9OOOC (See Figure 1).(2) By 1971 we began to make developmental 

During the period of 1968 - 74, we made considerable progress in 
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most brittle. 
advantages over ACGs. 
ACFs displayed an almost 2x increase in breakthrough times over ACGs for 
removal of phenol or butane.@) The ACFs could be reactivated in situ by 
electrical resistance heating at 100 - 2OOOC (See Table 1). 
shown that the modestly acidic pore surface of the ACFs could be 
converted to a basic surface by heating in ammonia at 600 - 9OO0C.(4) 
Finally, it was found that high surface fibers (600m21g) could be obtained 
by etching at much lower temperatures of 45OOC to produce an activated 
phenolic fiber (APF).(4) These fibers appeared to have a smaller pore size 
distribution, but could be made at somewhat lower cost 
that the ACFs. 

Considerable work was carried out to determine possible 
It was found that for similar surface areas the 

It was also 

Present (1990 - 94) 
Starting in about 1990 we initiated a program at the University of 

Illinois to develop a far better understanding of the nature of activated 
carbons. 
capability concerning the adsorption characteristics of ACFs, but that this 
could also lead to design of much lower cost fiber based systems that 
would be cost competitive to ACGs. Our expectation was that with a 
greatly improved understanding of the kinetics of adsorption and of 
contact efficiencies we would be able to design low cost systems that 
would be capable of removing trace contaminants in the low parts per 
billion (ppb) range. 

Initially our efforts focused on pursuing possible leads from the 
work of the early 1970s. 
the pore surface of the ACFs to a much wider range of chemistries (See 
Figure 2).(5) 
tailor the pore surface chemistry to be much more acidic or basic or more 
polar or relatively neutral. Several papers have already been published 
showing the utility of chemically tailored. surfaces for selective removal of 
VOCs(6) and of H2O.(7) The role of surface area and pore size and shape 
has also been examined in far greater depth particularly with respect to 
the dramatic changes in separation of contaminants at high versus low 
concentrations.(l) A critical component of this study has been our ability 
to directly access the porosity in ACFs using Scanning Tunneling 
Microscopy (STM).(9) As a result of these studies we are now able to 
directly measure the microporosity dimensions and correlate these 
measurements with the adsorption characteristics of the ACFs. All of these 
issues are discussed in far greater detail in the ensuing paper by Daley, et. 
al. 

The earlier work on the APFs has also been reexamined during the 
last several years and the conditions for reproducible manufacture have 
been identified. (See Figure 3) 
modestly improved wear resistance over the ACFs.(4) As might be 
expected the microporosity is smaller (in the range of 5 - 7A as compared 
to 10 - 13A for ACF 1500). 
carbon is clearly a possibility from this work. 

Our intent was that we would not only develop a more predictive 

Thus we found that we could chemically convert 

As a result of these studies it became apparent that we could 

We have also shown that the APFs have 

The potential for design of molecular sieve-like 

Future (1996 - ) 

One of the most exciting aspects of our program has been the recent 
announcement that we had developed a low cost alternative to ACFs.(lO) 
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This was accomplished by coating glass fibers with a phenolic resin. 
Activation of the phenolic coating can be carried out by any one of a 
number of techniques normally used for ACFs. Thus, for the first time one 
has access to a very low cost activated fiber assembly. Typically, phenolic 
resins are available for 60 - 70@/lb while the glass fiber, depending on its 
product form, can cost well under a dollar for non-wovens and somewhat 
higher for woven textiles. 
textile we limit the percentage of phenolic resin to -30% by volume in the 
case of woven textiles. 
much higher loadings of phenolic resin. 
in terms of the amount of activated material for a given volume. 
we find that the contact efficiency is greatly improved compared to ACFs 
which of course are significantly better than ACGs (See Figure 4). 
Obviously reactivation of the spent assembly would be much faster than 
with ACFs. From preliminary tests the glass fibers coated with activated 
carbon can be reactivated by electrical resistance heating at 100 - 20O0C or 
by use of steam at 120 - 170°C. 

An important advantage of the activated, glass coated textile is the 
greatly improved wear resistance of this material. 
arises from the fact that the coating provides protection to the glass fiber 
surface, which otherwise would be very sensitive to damage. 

we have had a number of inquiries from industry concerning commercial 
availability and utility. 
companies that would be interested in participating in those aspects of the 
manufacture of this new product where they have a core competency. We 
are also starting to talk to companies that would be interested in acting as 
product form assemblers. In the new environment in industry, which 
requires focusing on one's core business, few companies appear willing to 
embrace the entire spectrum of activities required for commercial 
development of a new product. 
lend itself to the establishment of a virtual business involving 3-4 
companies to manufacture the product. 
minimal investment in manufacturing and scale-up would be required. 
similar argument can be made for product assembly. 

including nerve gases. 
been in use for the past 50 years. 
expensive and because of the acidic nature of the pore surface are not as 
effective against most of the toxic agents which are also acidic. It would 
seem that fabric which is easily deployed as a hood over the head and 
shoulders would provide very low cost protection against most all of the 
chemical warfare agents. 
would be important to activate in such a way that the pores are basic and 
would bind the toxic chemicals more tightly. If indeed all this proves to be 
correct, we may have available for the first time the ultimate defense 
against chemical warfare and one that would discourage future use of such 
methods by terrorists. 

these new activated assemblies as catalyst supports. 
revisit some of our earlier work of 28 years ago on hyperfilters based on 
activated membranes(l1) and on ion exchange fiberdl21 which are 
tailored to remove specific metal contaminants. 

In order to maintain flexibility of the final 

With non-woven textiles, paper or felt we can go to 
This may appear to be a limitation 

However, 

We believe that this 

As a result of our recent announcement concerning this development 

Currently, we have identified a number of 

On the other hand, this product appears to 

With such an approach, only a 
A 

One area that we are examining carefully is that of chemical warfare 
Up to now, gas masks that depend on ACGs have 

However they are cumbersome and 

To further enhance the adsorption capacity it 

Other directions that we are now beginning to pursue is the use of 
We also plan to 
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I n t r o d u c t i o n  
Activated carbon fibers (ACFs), and activated carbon granules (ACGs) 

have been available for about the past 25 and 50 years, respectively. 
However, selection of the appropriate activated carbon to remove specific 
contaminants is still very much an empirical process. The problem that 
exists in creating a more fundamental understanding of these processes is 
the fact that up to now there has been no direct method for measuring the 
key parameters. 
foundations for understanding the adsorption capabilities of ACFs essential 
to establishing a predictive model. 

In this paper data are presented which begin to lay the 

Factors that Control Adsorption in the 
Micro  p o s e  

Many factors control the adsorption in the micropores of the ACFs 
including the pore size distribution, the pore shape, the pore surface 
chemistry, the fiber diameter, the adsorbent form, the adsorbate size and 
shape, the adsorbate chemistry, the physical properties of the adsorbate, 
the adsorbate concentration, the adsorbate environment, and other 
adsorbates which may compete for similar sites. 
factors are being examined systematically in great detail. 
status of our work is best summarized by considering the following four 
questions: 

1.) How do pores initially form in the ACFs? 
2.) What is the structure of high surface area ACFs? 
3.) What is the role of pore size in adsorption? 
4.) What is the role of pore surface chemistry in adsorption? 

In our laboratory, many 
The present 

How do Pores Initially Form in the ACFs? 

The origin of pore formation has recently been elucidated for ACFs 
This discovery came about when it was observed that high surface (1). 

area carbon fibers were produced during activation of phenolic fiber 
precursors under inert conditions. Presumably, the microporous structure 
was created by the evolution of volatile by-products at temperatures as 
low as 400-500°C and its persistence during further heating must be due 
to the presence of a stable crosslinked structure. 
microporous structure were obtained from scanning tunneling microscopy 
(STM) which provided direct insight into the size and shape of these initial 
pores. 
homogeneous microporous structure was observed in which pores 
measured from several tenths of nm up to 1.1 nm in diameter with the 
majority of pores measuring less than 0.6. nm in diameter. At the fiber 

Images of this 

From cross-sectional images of the fiber, a remarkably 
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surface, the pores were less than 5 nm in diameter and are larger than 
those in the bulk due to the rapid evolution of volatiles near the I 

carbonization temperature. 
STM were not slit-shaped as originally proposed by Dubinin (2) but were 
ellipsoidally shaped. 
interpretation now exists as to the origin of micropores in the ACFs. 

The initial pores which were observed from 

Thus for the first time an unambiguous 

What is the Structure of High Surface Area ACFs? 

The phenolic fibers can be further activated using an etchant or 
oxidizing agent. 
and steam at high temperatures (600 -800 "C) to produce a family of 
materials with controlled surface area ranging from 700 to 2800 mA2/g (3). 
In practically all cases there is 2-5 % oxygen present in the ACF with a 
considerable percentage at the pore surface in the form of phenolic and 
carboxylic units. 

The porous structure of the ACFs has been examined at great length 
using a number of indirect techniques such as fundamental adsorption 
theory (4), x-ray and neutron scattering (5 ) ,  and adsorption of different 
size and shaped molecular probes (6). The greatest progress has been 
made with STM and we now have a database of over 800 images (7). 
initial pores which were formed during carbonization begin to widen when 
exposed to steamlcarbon dioxide due to diffusion of these etchants into the 
fiber bulk. 
homogeneous and average pore sizes measure between 1 and 2 nm 
depending on the duration of activation (Fig. 1). Again, in contradiction to 
Dubinin (2). the pores remain ellipsoidally shaped in  the bulk of the fiber 
and do not take on a slit-shaped character. Compared to the homogeneous 
micropores in the bulk of the fiber, the surface porosity was more 
heterogeneous and large mesopores and micropores were observed from 
the extensive reaction at the fiber surface (Fig. 2). A significant decrease 
in fiber diameter with increasing duration of activation was also noted 
where the fiber diameter decreases from 15 um to 9-12 um. The 
transition between the surface porosity and that in the bulk occurs in a 
region less than 32 nm and in this region a narrowing of the pores might 
lead to wedge-shaped pores. 

Commercially, the ACFs are activated in a mixture of Con 

The 

Throughout activation the pores in the fiber bulk remain 

What is the Role of Pore Size in Adsorption 

Pore size is one of the most important factors affecting adsorption. 
In order for adsorption to occur, the adsorbate must fit into the pore. 
Foster showed a cross-over regime for the adsorption of butane where 
lower surface area ACFs adsorb better at low concentrations due to a 
higher overlap in potential which binds the adsorbate more tightly (4). 
higher concentrations the higher surface area ACFs adsorbed larger 
amounts due to a larger pore volume (8). From recent studies, we have 
observed that the cross-over regime shifts to higher concentrations with 
lower boiling point adsorbates and to lower concentrations with higher 
boiling point adsorbates (9). The APFs which have a much smaller pore 
size in the bulk permit enhanced adsorption of contaminants at ppm levels 
to ppb levels (Fig. 3). 
dependence on adsorbate size and boiling point has been related to 
physical constants using fundamental adsorption theory. 

is approached at a given concentration is strictly dependent on the 
diffusion pathlength. This property is also a function of the adsorbent size 
and shape, the number and size and shape of pores at the fiber surface and 
the number and size and shape of .pores in the bulk and their 

At 

The equilibrium amount adsorbed and its 

The adsorption kinetics or the rate at which equilibrium adsorption 
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interconnectivity. 
of adsorption/desorption is faster for materials with larger pores and 
broader pore size distributions (Fig. 4). 
diffusion to the smaller pores which bind the adsorbate more tightly 
allowing it to be adsorbed. 

and small pores. 
much faster than the granules is because the ACFs have many large 
mesopores at the fiber surface which permits rapid access to the 
homogeneous microporous structure in the bulk. 
tailored in this manner since they contain far fewer pores than the ACFs at 
their surface and typically they have a much broader pore size distribution 
in the bulk. One dimension for control of adsorption kinetics in ACGs is the 
particle diameter. Generally, as the particle diameter decreases the 
adsorption kinetics increase because the diffusion pathlength decreases. 

As the adsorbate size decreases or the concentration decreases, 
materials with a larger concentration of pore sizes closer to the adsorbate 
size will have a higher equilibrium adsorption. 

Based on these fundamental studies and others it has been possible 
to design/tailor adsorbents to remove contaminants from air and water to 

below several ppb level with little increase in estimated cost. 

Our basic studies using ACFs have shown that the rate 

The larger pores facilitate fast 

Therefore it becomes important to have a good distribution of large 
One reason why the adsorption kinetics of the ACFs is 

ACGs can not usually be 

What is the Role of Pore Surface Chemistry in Adsorptioi 

The pore surface chemistry plays an equally critical role in 
adsorption and can be tailored through chemical activation or through 
posttreatment. The advantages of chemical activation are that a single 
step treatment is all that is required to control the surface chemistry and 
pore size and this can lead to higher reaction yields. 

Activation of the phenolic precursors in air results in a high surface 
area fiber with acidic surface chemistry. 
below the carbonization temperature a unique materia! is formed which 
has higher activation yields and better wear properties (10). 
conditions a family of adsorbents has been developed with as much as 30% 
oxygen in the form of phenolic hydroxyls. 
study, these materials have a pore size distribution which is less than 7A 
and may be tailored by controlling the activation conditions. 
control of pore size and acidic surface chemistry, small molecules such as 
ammonia may be removed to low concentrations (< ppm). 

used to activate them to create high surface area carbon fibers at 
temperatures as low as 500'C. 
much as 10 wt% nitrogen usually in the form of pyridine-like groups and 
aromatic amines depending on the activation conditions. Yields are much 
higher than that of ACFs that are posttreated in ammonia. Preliminary 
results have indicated that a large number of acidic contaminants can be 
selectively removed from air and water. 

The ACFs have also been posttreated (8) in chlorine, ammonia, 
oxidizing agents, or hydrogen to create an ACF with a polar, basic, (basic, 
polar, or acidic surface chemistry depending on agent used), or neutral 
surface chemistry, respectively. 
adsorbate, the ACFs can be tailored for selective removal of an adsorbate. 
For example, ammonia activation of a phenolic precursor permits enhanced 
adsorption of acidic contaminants such as HCI from air or paranitrophenol 
from water (Fig. 5) .  
produce a number of surface functionalities such as carboxylic acids, 
phenolic hydroxyls, and quinones. 
both acidic and polar thus enhancing the adsorption of both polar (i.e. 

When this fiber is activated 

Under these 

Based on a molecular probe 

Through 

Surprisingly, ammonia will etch the phenolic precursors and may be 

These materials are basic containing as 

Depending on the chemistry of the 

A post-treatment of an ACF with strong acid will 

The surface of this material is therefore 
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acetone) and basic (i.e. ammonia (11)) contaminants (Fig. 6). To date we 
have developed and characterized approximately 75 different materials 
with various surface chemistries and pore sizes (12). 
we have developed an extensive data base which relates the synthesis 
conditions to the number and type of functional groups and subsequently 
relates the effects of these groups to adsorption. 

From these materials 

Conclusions/ Future Work 
Some of the key parameters important for controlling adsorption 

have been described in this paper. 
adsorbates has been indicated. 
foundation for the next step which is to establish a predictive capability. 
We are now in the process of relating these material features to the key 
engineering parameters. 

Selective adsorption of specific 
This work provides the necessary 
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INTRODUCTION 
Physical adsorption of gases is the most employed technique 
for the characterization of porous solids 11-31. N, 
adsorption at 77 K is the more used and, usually, has a 
special status of recommended adsorptive [41. The advantage 
of N, adsorption is that it covers relative pressures from 
lo-' to 1, what results in adsorption in the whole range of 
porosity. The main disadvantage of N, adsorption at 71 K is 
that when used for the characterization of microporous 
solids, diffusional problems of the molecules inside the 
narrow porosity (size c 0.7 nm) occur [5]. 

CO, adsorption, either at 273 K or 298 K 15.61, and He 
adsorption at 4.2 K [71 are two alternatives to N, adsorption 
for the assessment of the narrowmicroporosity. He adsorption 
at 4.2 K has been proposed [7] as a promising method for the 
accurate determination of the microporosity. However, the 
experimental conditions used (adsorption at 4 . 2  K) makes this 
technique not so available as CO, adsorption. In the case of 
CO, adsorption the high temperature of adsorption used for CO, 
results in a large kinetic energy of the molecules that can 
enter into the narrow porosity. In this way, CO, adsorption 
has been proposed as a good complementary technique, not 
alternative, for the analysis of the porous texture as it 
could be used to assess the narrow microporosity (size <0.7 
nm) . 
A confirmation of the reliability of the method for 
essentially microporous materials, makes necessary the 
comparison of both N, and CO, adsorptions at comparable 
relative pressures where N1 adsorption has not diffusional 
limitations. This requires the performance of CO, adsorption 
at high pressures. This type of comparison of both 
adsorptives has not been performed in the literature through 
the use of high pressure adsorption experiments. 

According to all this, the objectives of this work are the 
following: i) to cover the lack of studies on CO, adsorption 
at high pressures; ii) to analyze the adsorption of this gas 
at relative pressures similar to those used with N,:iii) to 
show the problems of the use of N, adsorption at 77 K 
specially at low relative pressures. All these objetives can 
be summarized in confirming of the validity of CO, adsorption 
to characterize microprous carbon materials. 

MATERIALS AND METHODS 
A series of activated carbon fibers (ACF) obtained from CO, 
(series CFC) activation has been used in this study. The 
mechanical properties and porosity of these materials have 
been already analyzed [ 8 1 .  In summary, the samples are 
essentially microporous, with a negligible volume of 
mesopores (only mesoporosity of size larger than 1.5 nm is 
only observed in samples with high burn-off). Samples with 
burn-off lower than about 40% have a DR (Dubinin 
Radushkevich) N, volume lower than the DR CO, one, what 
indicates the existence of narrow microporosity where N, 
adsorption has diffusional limitations. The ACF with higher 
burn-off have some amount of supermicroporosity, as reflected 
by the larger value of the DR N, volume compared to the DR 
co, . 
CO, adsorption isotherms at 298 K and at high pressures have 
been carried out in a DMT high pressure microbalance 
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(Sartorius 4406) connected to a computer for data 
acquisition. The maximum pressure reached is 4 MPa. 
Additionally, CO, adsorption at 298 K and N, adsorption at 71 
K up to 0.1 MPa have also been performed with an Autosorb-6 
and Omnisorp equipments, respectively, to cover lower 
relative pressures. 

RESULTS AND DISCUSSION 
High pressure C02 adsorgtion isotherms at 298 K. 
Figure 1 shows CO, adsorption isotherms obtained for the 
samples CFC14 and CFC54, plotted versus the relative 
fugacity. Each isotherm contains the experiment obtained at 
sub-atmospheric and at high pressures. It is important to 
note, by its relevance in the content of the paper, that 
there is a good continuation in both measurements performed 
up to sub-atmospheric and high pressures in spite of the 
different experimental systems used. CO, adsorption isotherms 
can be compared with those obtained from N, adsorption at 77 
K previously described [ 8 1 .  The evolution of the isotherms 
with burn-off is similar for both adsorbates. In fact, 
several common features can be noted from these experiments: 
i) the adsorption capacity increases with burn-off and ii) as 
burn-off increases, the knee of the isotherm widens, showing 
an increase in microporosity distribution. These results 
indicate that, due to the range of relative fugacities 
covered in the high pressure CO, adsorption isotherms, this 
molecule also adsorbs in the supermicroporosity (pore size 

Characteristic curves for N, and CO, adsorptions. 
The characteristic curves that are presented in the following 
discussion have been obtained by applying the DR equation to 
the different adsorption measurements performed. The 
characteristic curves obtained for N,, correspond to the 
experiments performed with an Omnisorp apparatus that cover 
relative pressures from lo-’ to 1. The affinity coefficient 
used in this case is 0.33 [ 9 1 .  The characteristic curves for 
CO, adsorption contain the isotherms obtained up to sub- 
atmospheric and up to high pressures. The affinity 
coefficient for CO, has been calculated to have coincident 
characteristic curves for CO, and N, adsorptions, in those 
samples where the adsorption of this gas is not kinetically 
restricted. From this approach, the coefficient affinity 
calculated for CO, is 0.35, value similar to that proposed by 
Dubinnin [9] . 

Figures 2 and 3 include two examples of characteristic curves 
obtained for samples CFCl4 and CFC54 (plots of 1nV vs 
( A / P ) ’ ) .  These samples cover the different type of porosity 
found for the ACF studied. Sample CFCl4 has a quite narrow 
porosity and Nz adsorption has important diffusional 
problems. The porosity of sample CFC54 is well developed and 
contains some amount of supermicroporosity. 

There are several relevant points that must be emphasized 
from Figures 2 and 3. In all the cases, the overlapping and 
continuation of the CO, characteristic curves obtained at low 
and high pressures is very good. For sample CFC14, the 
characteristic curve for N, adsorption remains always below 
that for CO,, in agreement with the kinetically restricted 
adsorption for N, in this sample. With increasing the burn- 
off, the characteristic curve has not a unique slope and 
deviates upward. This reflects the development of porosity 
and the widening of the pore size distribution. This is 
clearly observed in Figure 3 that corresponds to sample 
CFC54. In this case, the characteristic curve for N, 
adsorption is very similar to the one for CO, obtained at 
high pressures (see the zone between 0-500 (kJ/molI2 in 
Figure 3). This indicates that CO, also fills the 
supermicroporosity that exists in this sample. 

Finally, the characteristic curves for N, adsorption show in 

0.7-2 m ) .  
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all the samples a large deviation with respect to the one for 
CO, for values of ( A / p ) '  higher than about 300 (kJ/mol),. In 
this zone, the volume of N2 adsorbed by the sample is lower 
than the volume of CO, and decreases with increasing ( A / P ) , .  
The adsorption potential, ( A / p ) ' ,  at which this deviation 
finishes depends on the burn-off of the sample. So, with 
increasing the burn-off, the recovery of the curve happens at 
higher (A/P) ' .  This deviation, that happens at low relative 
pressures of N2 (lower than for sample CFC54 and lower 
than l o w 4  for sample CFC14). shows that N, adsorption in the 
narrow microporosity IS influenced by diffusional 
limitations. These experimental results are important by 
their relevance in the use of N, adsorption for the 
characterization of the porosity. As a consequence of the 
diffusional limitations, N2 adsorption cannot be used to 
determine the micropore volue of the narrowestporosity, what 
makes necessary the use of other adsorptive to analyze this 
range of porosity. Hence. as already proposed [SI, N, 
adsorption, complemented with CO, adsorption is an adequated 
procedure to determine the porosity of an activated carbon 
from the narrowest to the widest. 

CONCLUSIONS 
The results commented up to now show that CO, adsorption up 
to sub-atmospheric pressures can be used to calculate the 
volume of the narrow microporosity and that it is a 
convenient technique to complement the characterization of 
porosity through N, adsorption. CO, adsorbs in the super- 
microporosity when CO, pressures of about 4 MPa are used. The 
adsorption of N, at 77K is limited by diffusional problems 
that happen in the narrow porosity. For this reason, N, 
adsorption cannot be used to characterize this range of 
porosity that can be estimated by CO, adsorption. 
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INTRODUCTION 
The present authors have proposed a novel base for the removal of SO2 in the flue gas where 

SO2 is adsorbed, oxidized and hydrated over PAN-ACF to be continuously recovered in the form 
of aq. H2S04.[ 1-31 Higher activity of ACF and less amount of humidity are wanted for smaller 
volume of the reactor, recovery of more concentrated H2S04 and less consumption of water to 
reduce the cost of flue gas cleaning. 

bv the heat-treatment at 800"C.14.51 
The present authors have found significant enhancement of the catalytic activity of PAN-ACF 

~, ~ 

In the present study, cataiyti; activities of pitch based ACFs of high surface area were 
examined for the oxidative removal of SOX Pitch based ACF of as-received form has been 
reported to be inferior to PAN-ACF in  the oxidative adsorption of SO2.[5] However the heat- 
treatment is expected to enhance its catalytic activity. Hence the heat-treatment at rather high 
temperatures above I00o"C was examined to find higher activity. The hydrophobic surface of 
pitch based ACFcan be expected to require smaller amount of H20 for the complete removal of 
son. 
EXPERIMENTAL 

OG series of pitch based ACF were'supplied by Osaka gas Co.. It  was heat-treated in  nitrogen 
gas at several temperatures. Some of their properties are summarized in Table 1. SO2 removal 
was carried out at 30°C. using a fixed bed flow reactor. Weights of ACF were 0. I and 0.25g. 
The total flow rate was 100ml/min. The model flue gas containing SO2 of 500-1000ppm, 0 2  of 
5~01% and H20 of 5-20vol% in nitrogen was used. Aq.HZS04 was recovered at the outlet of the 

flame photometric detector (FPD) and NOx gases were analyzed by NOx meter (ECL-88US. 
Yanagimoto Co..Ltd.). 

Temperature programmed decomposition (TPDE) spectra of the ACFs were measured by using 
a quartz-glass apparatus equipped with a mass spectrometer (AQA-200, ANELVA INC.) The 
sample of 0.lg was heated in helium flow up to 1100°C with I0'Clmin increments and the 
evolved gases such as COand C02 were analyzed by the mass spectrometer. 

m e  effects of M-treatment temnerature 
Figure 1 illustrates the effects of heat-treatment temperature for SO2 removal over pitch based 

ACFs. Stationary removal of SO2 over all fibers was enhanced very much by the heat-treatment 
above 800'C. The activity was enhanced at higher temperature up to 1100°C. Complete removal 
was achieved for at least 15h with ACFs heat-treated above 900°C on OG-20A of the largest 
surface area. The ACF heat-treated at II0o"C removed completely SO2 at W f f  of 1x10-3 g min 
ml-1. The Activity enhancement is remarkable. The large surface area provided the large activity 
after the heat-treatment among the ACF. 

The activitv of Ditch based ACF OG-20A of the larvest surfase area 
Figure 2 illustrates the desulfurization profiles of l00Oppm SO2 by as-received and heat-treated 

OG-20A at W/F (Weightmow) = 1x103 gmin .ml-l, 10% humidity and 30'C. The favorable 
influences of the heat-treatment at higher temperature up to 1 IOO'C were definite. The heat- 
treatment at 900°C and 1000°C increased the removal up to 40 and SO%, respectively. A further 
higher temperature of I IOO'C removed completely SO2 of IOOOppm for at least 15h. High 
temperature of 1200°C decreased the activity to 40% removal. There is certainly an optimum 
temperature of the heat-treatment with this particular OG-20A of very large surface area. 

m a t e s  the effects of H20 in the SO2 removal over OG-20A-HI 100 by W E  of 
1x103 g.min .ml-' at 30°C. Lower concentration of H20 decreased the extent of SO2 removal , 
providing 100% removal at 10% H20,96% at 7.5% H20, and 55% at 5% H20. Larger WIF of 
5x10-3 g.min .ml-I allowed complete removal with 5% H20.  

,. reactor. SO2 concentrations in the inlet and the outlet gases were observed continuously by a 

Q RESULTS 

Tk..influence of NQ 
Figure 4 illustrates the influence of NO of 500ppm at SO2 of 500ppm removal over pitch based 

ACFs by W f f  of 2 . 5 ~ 1 0 ~  g min ml-' at 30°C. Without NO, SO2 was removed completely for 
longer than 20h. While a concentration of NO of 500ppm reduced the stationary removal of SO2 
to 35%. More H20 and a larger Wff increased SO2 removal in the presence of NO. NO leaked 
freely without any removal except for the initial Ih while its outlet concentration increased very 
sharply from 0 to 100%. No reaction of NO was estimated at the stationary state while NO 
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celtainly inhibited the SO2 removal by requiring larger HZO conceiltration or W/F for the complete 
removal of SO?. 

TPDE SDectrum of . 
Figure 5 shows t m O a n d  C02 evolution from OG-20A. OG-15A, and OG-1OA. 

COZ began to be evolved at about 180'C giving a highest evolution at 3WC,  and then gradually 
decreased its amount to become null at 9Oo'C regardless of the extent of activation of the fibers. 
CO began to be evolved at about 200'C and its amount increased gradually upto 5 W C  and then 
rapidly to 9 W C  where the maximum was observed. The amount of evolved CO increased with 
the increasing extent of activation and surface area. Significant retardation of NO without its 
stationary conversion should be studied in more details for scientific as well as technical view 
points. 

DISCUSSION 
The present study reported a remarkably high activity of a pitch based active carbon fiber of 

very large surface area after the heat-treatment at unusually high temperature of 11Oo'C. The 
activity observed in the present study allowed the complete removal of IOOOppm SO2 at room ' 

temperature over OG-2OA-HI 100. A very small volume of reactor is designed by such a high 
activity. The active site for SO2 removal is not identified. Large surface area and deoxygenated 
surface may provide more active sites of SO2 oxidation and accelerate the elution of aq.HISO4 
with minimam H 2 0  from the active site because of high hydrophobicity. 

REFERENCES 
1 1. Mochida, S. Kisamori, S. Kawano, and H. Fujitsu, Nippon Kagaku Kaishi, 12, 

1429, (1992). 
2 I. Mochida. T. Hirayama, S. Kisamori, S. Kawano, and H. Fujitsu, Langmuir, 8, 

2290, (1992). 
3 S. Kisamori, I. Mochida, and H. Fujitsu, Langmuir, 10, 1241, (1994). 
4 S. Kisamori, S. Kawano and I. Mochida, Chem. Lex, 11, 1899, (1993). 
5 S. Kisamori, K. Kuroda, S. Kawano, I. Mochida, Y. Matsumura and M. Yoshikawa. 

ENERGY & FUELS, 8, 1337 (1994). 

Table 1. Some Properties of Pitch Based Active Carbon Fibers. 

a) Calcination lemperature (T) 
OG-series : Pitch based active carbon fibw 

500 600 700 800 900 lo00 1100 l2Oa 
Heat-treatment Temp. (c) 

Figure 1 The effects of heat-treatment temp&ature for SO2 removal 
over Pitch-ACFs 
SO2 1000ppm, 02 5 ~01%. Hz010 ~01% 
W/F = 2.5 X 103g min mL-! Reaction Temp. 3Oc 
0: OG-5A (S.A. 480mVg) 
V:\OG-I5A (S.A. 1550m*/g) 
0: OG-20A (S.A. 1850m2/g) 
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Figure 2 Breakthrough Profiles of SO2 over Pitch-ACFs at 30°C 
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Figure 4 Breakthrough profiles of SO2 and NO over 
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Figure 5 TPDE spectra of CO and C02 evolution 
from Pitch Based ACF 
Weight : lOOmg 
Carrier gas : Helium 
Flow rate : 100ml/min 

Sample 
co c02 

1 : OG-5A 
2 :  OG-15A 5 :  OG-15A 

4 : OG-SA 
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INTRODUCTION 

Carbon-based materials are used commercially to remove SO, from coal combustion flue gases. 
Historically, these materials have consisted of granular activated carbons prepared from lignite or 
bituminous coals 11-31, Recent studies have reported that activated carbon fibers (ACFs) may have 
potential in this application due to their relatively high SO, adsorption capacity 14-61, In this paper, a 
comparison of SO, adsorption for both coal-based carbons and ACFs is presented, as well as ideas on 
carbon properties that may influence SO, adsorption. 

EXPERIMENTAL 

Samole Preoaration 

The chars used in this work were prepared from an Illinois No. 2 hvCb coal, sample IBC-102 of the Illinois 
Basin Coal Sample Program (71. A physically cleaned 48x100 mesh sample having 3.6% mineral content 
was prepared from the parent coal and used throughout as the feedstock Tor activated char. Chars were 
prepared at 900°C for 0.5 h in a 5 cm ID batch fluidized-bed reactor (FER). In each run, 200 g IBC-102 
coal was fluidized in flowing N, (6 Wmin) and heated to the desired pyrolysis temperature. A multistep 
heating procedure was used to minimize agglomeration of coal particles in the FBR. Steam activation was 
done to develop microporosity and increase surface area further. Typically, 50 g of char was placed in the 
FBR and heated to 860°C in flowing N? The N, flow was replaced by 50% H,0/50% N, (6 Wmin) for 
0 75 h to achieve 30% carbon conversion. In some cases, the H,O-activated char was treated with nitric 
acid (HNO,). Typically, 10 g of the char was added to 0.2 L I O  M HNO, solution, and refluxed at R O T  
for 1 h. The HN0,-treated carbon was washed with distilled H,O to remove excess acid and vacuum dried 
overnight at 25T.  In some cam, the HN0,-treated char was heated in N2 to 525,725, or 925T 'and held 
for I h to remove oxygen placed on the carbon by the HNO, treatment. 

ACFs with surface areas and oxygen contents ranging from 700 to 2800 mZ/g and 0 to 5 a%, respectively, 
were prepared commercially by reacting phenol formaldehyde fiber precursors (Kynol) in a steadcarbon 
dioxide mixture at temperatures between 700 and 900°C. ACFs with acidic and basic surface cheniistly 
were prepared using methods described elsewhere [8,9]. 

Sample Characterization 

The SO, adsorption capacities of samples were determined by thermogravimetric analysis (Cahn TG-I 3 I). 
In a typical run, a 30-50 mg sample was placed in a platinum pan and heated at ZOWmin in flowing N, 
to 360°C to remove moisture and impurities. The sample was cooled to 120°C. Once the temperature 
stabilized, the N, was replaced by a mixture of gas= containing 5% 0,, 7% H,O and the balance N,. Once 
there was no further weight gain due to adsorption of 0, and H,O, SO, was added in concentrations 
representative of a typical flue gas from combustion of high sulh  coal (2500 ppmv SO,). The weight gain 
was recorded versus time by a computerized data acquisition system. 

Temperature programmed desorption (TPD) experiments were done in a flow-thru, 2.5 cm ID stainless 
steel fixed-bed reactor system. In a typical run, 0.5 g of sample was heated in flowing nitrogen (0.5 Wmin) 
at 5"Umin to a linal temperature of 1000°C and held for 1 h to achieve nearly complete desorption of CO 
and CO, from the carbon surface. Non-dispersive infrared analyzers (Rosemount Model 880) were used 
to monitor the concentrations of CO and CO, in the efiluent gas continuously. 

N, BET surface areas ofchars were determined using a single point BET adsorption equation with N, (77 
K) adsorption data obtained at a relative pressure (P/P.,) of 0.30 with a Monosorb flow apparatus 
(Quantachrome Corporation). Surface areas were determined for ACFs with a Micromeritics analyzer 
using nitrogen adsorption at 77K. Average pore sizes of ACFs were calculated using the Dubinin- 
Radushkevich equation and the nitrogen adsorption isotherm measured using a Coulter Omisorb. 

RESULTS AND DlSCUSSION 

. 

ih2lrAW 

The results presented in Figure I suggest a lack of correlation between SO, adsorption and N, BET surface 
area Two steam activated carbons prepared from IBC-IO2 with intermediate surface areas (200 and 360 
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m'/g) and a commercial activated carbon, Calgon F400 (1000 m2/g), adsorbed similar amounts of SO2 
(between 15 and 20 w% SO3 after about 4 hours. The Centaur carbon, which had the highest SO 2 

adsorption capacity, had an N, BET surface area of only 360 m2/g. This carbon catalyst was developed 
by Calgon for both liquid and vapor phase applications, including removal of SO, and NO, from flue gS. 
Figure 1 also shows that an activated carbon prepared from IBC-I02 coal by steam activation, mor 
treament and subsequent heat treatment to 925°C exhibited SO, adsorption behavior similar to the Centaur 
carbon. One study [IO] showed that there was no correlation between the SO, adsorption capacity and 
surface of a coal-based carbon, while another [I I] has maintained that "surface area is the most important 
parameter in order to predict the behavior of a char in the abatement of SO, from exhaust gases." 

A better understanding of SO, adsorption behavior may require more detailed information about the 
carbon-oxygen (C-0) complexes formed during char preparation and SO, adsorption. The authors showed 
previously a poor correlation between SO, adsorption capacity and the total amount of chemisorbed oxygen 
for chars prepared under a wide range of conditions [12-14]. Davini [I51 also observed no correlation 
between SO, adsorption and chemisorbed oxygen. He found a better correlation between SO, capacity and 
the basic (or high temperature) C-0  functional groups. In the current study, the steam activated char was 
found to have a surface populated predominantly by high temperature C-0  complexes: To increase the 
number of high temperature C-0  complexes, and presumably SO, capacity, the H,O-activated char was 
treated with HNO, and thermally desorbed at temperatures ranging from 200 to 1075°C. Figure 2 presents 
the TPD profiles of the HN0,-treated char and those thermally desorbed at 525,725 and 925°C. The CO 
and CO, evolution'profk ofthe original HNO,-treated char showed only slight overlap. Conceivably, this 
char could be heated in inert gas to a certain temperature, e.g., 5WC,  to remove only the C0,-forming 
functional groups and retain the CO-forming ones. Figure 3 shows that the SO, adsorbed increased with 
increasing thermal desorption treatment. A three-fold increase in SO2 adsorption is observed with the 
relatively small increase in thermal desorption temperature from 525 to 725OC, and the char with the 
smallest amount of C-0 complex (925°C) adsorbed the largest amount of SO,. This suggests that sites that 
rorm a stable C-0 complex during char preparation are made available by lhe thermal desorption treatment, 
and that adsorption of SO, may preferentially occur at these free adsorption sites. Using TPD, the authors 
previously measured the number of free adsorption sites for several carbons; a direct relationship was 
found between SO, capacity and free sites [12,14,16]. Based on these results, a reaction scheme was 
recently proposed IO explain SO, removal by carbon whereby the free sites control the rate of adsorption 
of SO, and conversion to H2SOI [ l7,l E]. 

Am 
Figure 4 shows that the SO, adsorbed varies inversely with surface area for the ACFs studied. The pore 
volumes of these ACFs are known to increase from about 0.3 (ACF-IO) to 0.8 cm3/g (ACF-25) [19]. 
Others have also observed a decrease in adsorption of SO, with increasing surface area and micropore 
volume of ACF (polyacrylonitrile fibers) [4,6]. The oxygen and nitrogen (< 0.05%) content, although not 
measured directly for this series of ACF, should not have varied much among these four samples; although, 
the oxygen content ofACF-IO and 15 may have been slightly greater than that of ACF-20 and 25 [ 19,201. 
Excluding the idea of free sites for now, the results presented in Figure 4 suggest that pore size was the 
most important factor for determining the SOz adsorption properties of these ACFs. These ACFs are 
known to have relatively narrow pore size distributions [20,21]. In this study, we calculated the average 
pore sizes ofACFs 10, 15, 20 and 25 to be 9.4& 11.7A, 13A and 17.5A. respectively. Foster et al. 1191 
studied a series of ACF similar to those used in this study and found that ror ppm levels of n-butane, 
benzene or acetone, low surface area ACF adsorbed more than high surface area ACF. It is well known 
that smaller pores are preferentially filled at low relative pressures (concentrations) of adsorbate due to the 
overlap of attractive forces of opposite pore walls. If a similar adsorption mechanism occurs in the SO,- 
ACF system as in the n-butane-ACF system, this would explain the behavior observed in Figure 4, and help 
explain the lack of correlation between N, BET surface area and SO, capacity observed for the coal chars. 
Ullinialely, the number of rree sites as well as pore size distribution and pore volume or  an aclivated carbon 
should define its SO, adsorption behavior. The relative importance of each remains to be determined. 

Figure 5 shows that the ACF-IO treated with both sulfuric and nitric acids (H,SO&NO,) and thermally 
desorbed to 400 and 700°C exhibits SO, adsorption behavior similar to that of the HN0,-treated, thermally 
desorbed coal chars (Figure 3). 7he SO2 adsorption capacity of the H$OJHNO, treated carbon thermally 
desorbed at 700°C is much greater than that ofthe original ACF-10. The presence of adsorbed 0, on ACF 
may serve only to block access of SO2 to free active sites, similar to the behavior we have observed for 
Illinois coal char. Heating the HSO,MNO,-treated ACF to 700°C would gasify pnrt of the ACF, evolving 
oxygen as CO or CO, thus increasing the average pore size. If the average pore size of ACF increases with 
oxidatiodthermal desorption, the results shown in Figure 4 would predict a decrease in the SOz capacity 
of H$OJHNO, treated ACF thermally desorbed at 700°C. if pore size was the only controlling factor, The 
fact that there was an increase in SO2 adsorption despite an increase in pore size suaests  the strong 
influence of Free sites in controlling SOz adsorption behavior. It remains to be determined whether the free 
site concentration of these ACFs can be measured. II is interesling thal h e  thermal desorption ireatment 
applied to both the H2SOJHN03-treated ACF and the HN0,-treated coal char serves to increase not only 
the SO, adsorbed, but also the initial rate of SO, adsorption (Figures 3 and 5);  this behavior has been 
attributed to an increase in the number of active sites [22]. 

9 
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Modilying the surface chemistry of ACFs by incorporating different functional groups has been shown to 
improve adsorption of various adsorbates [8,9,19,20,23,24]. ACFs with both acidic and basic surfaces, 
and an average pore size smaller than the original ACF-IO, were prepared using methods described in 
previous work [8,9]. Since SO, is an acid gas, a carbon with basic surface characteristics would be 
expected to exhibit enhanced SO2 adsorption. Indeed, Figure 6 shows that a basic ACF adsorbs more SOa 
Ihan an acidic ACF. Others have also suggested that the presence of small amounts of nitrogen in ACF can 
markedly improve its SO, removal capabilities [4,6,25,26]. Work is in progress to learn how the 
interrelationships among number of free sites, pore size distribution and types of functional groups may 
control a carbon’s SO, adsorption behavior [27]. 

CONCLUSIONS 

Coal-based activated carbons and ACFs, prepared by a novel oxidatiodthermal desorption treatment, had 
SOl adsorption capacities approaching that of a commercial carbon catalyst. The current price of ACFs, 
about $1 OAb., may limit their use in SO2 removal applications, however, some recent work suggests that 
ACFs can be prepared for $ I -  W b .  [28]. Further work is needed to characterize these less expensive ACF 
systems for SOa removal. The results obtained in this study suggest that pore size as well as the number 
of free active sites play important roles in determining a carbon’s SO, adsorption capacity. The complete 
pore size distributions orthe treated coal-based carbons and ACFs remain to be determined; these should 
provide additional insight into the relative importance of pore size and free sites in controlling SOa 
adsorption behavior. The use of functional groups, e.g., nitrogen-containing ones, to modify a carbon’s 
surface to improve SO, adsorption appears promising, and is also an area for further investigation. 
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INTRODUCTION 
In an effort to maximize VOC adsorption, particularly in the case of compounds which are not readily adsorbed 

on activated carbon cloth (ACC), e& acetaldehyde, and to minimize the adsorption of water vapor, several chemical 
(rearmen& were performed on virgin ACC-20. A sulfuridnitric acid ueament produced a highly oxidized surface: 
chemical treatment with NH3 produced a basic surface and i n d  the nitrogen content of the ACC and finally, C12 
was used to produce a polar surface. Adsorpuon isotherms were measured for acetaldehyde, benzene, and wafer vapor 
to observe the e5ecl on adsorption capacity for chemically mated ACC-20. 

EXPERIMENTAL PROCEDURES 
The starting material, ACC-20, was obtained from Nippon Kynol, Inc. Clmactaistics of the untreated and 

chemically modified ACC-20 samples are presented in Table 1. A brief summary of the experimental procedures used 
in this research is ptsented below. For a more detailed description of experimental procedures. please consult 
Dimotakis et al.. 1995 and Cal. 1995. 

Modification d ACC-20 with Ammonia or Chlorine 
A b u t  1.0 g of ACC-20 was placed in a 5an i.d. tanperam-controlled quartz tubular furnace. The tube was 

p q e d  with N2 for 5 miS the temperature was increased to 180°C for 15 mi% and then at the desired reaction 
temperature N H 3  or  Cl2 were inimduced for the necessary m a i o n  period. After completion, the gas was replaced 
with nitrogen, and the sample was cooled to rwm temperam. The samples were stored in closed vials prior to 
analysis. 

Oxidation of ACC-20 
'he oxidations reactions were performed by immersing 1.45 g Of ACC-20 in 100 ml of 111 (v/v) HN03/H2S04 

sol~tion for two time periods: 10 min and 4 days. Gas evolution was observed during lrearment After the treatment, 
the prod~a was washed witb distilled water and left to dry overnight. %dve horn later, it was dried at 150°C with 
N2 for 30 min and then was stored in closed vials. 

X-Ray Photoelectron Spctrasaopy (XI'S) Measurements 
xps WBS used to determine the elemental content (0, N, CI and C) of the surface of the treated and untreated 

ACC samples (Briggs and Seah, 1983). The work was carried out at the Mamials Research Laboratory of the 
University of Illinois at Urbana-Cbanpaign. using a PHI 5400 (Perkin-Elm~, Physical Elemnics  Inc.) insmunent. 
Mg-Ka radiation and a power of 400 Warn at 15 kV were used. The samples were dried at 150T for 3045 min prior 
to analysis since the technique requires ultrahigh vacuum (10.' to 10." torr). To analyze for the surface groups the 
carbon region of the XPS spectrum was deconvoluted to individual peaks (Table 2). XPS techniques were used to 
characterize the chemical changes on the surface of the fiber down to about 30 A to 100 A which is the maximum 
depth tbat the emitted photoelectrons can escape and be detected (Briggs and Seah. 1983). XPS can identify the N, CI 
01 0 groups present based on their binding energy values. It was assumed that the chemical nature of the surface is 
similar to tbat of the mre of the sample. Table 2 describes the percent of total carbon area of each group as a function 
of the binding energy (variations within 0.7 eV are observed for the lreated samples): phenol or ether (285 ev). 
carbonyl (287 eV). carboxylic (288.8 ev) and unsaturated bond transitions (291.1 eV, also known as shake-up peaks) 
@ster, 1993). 

Organic and Water Vapor Adsorption Isotherm 
Acetaldehyde, benzene. and water vapor adsorption isotherms for the ACC samples were measured 

gravimetrically using a Cahn microbalance Model C-2ooO). The gas swam for the organic compound of interest was 
generated using a cenified gas cylinder of known organic concentration, diluted with hydrwhn- f r ee  air using mass 
flow controllers CryIan Model FC-280) to ohrain the d e s i i  concentrations. To generate gas streams with different 
relative humidities, a membrane humid ih  was used in combination witb a dew-pint hygrometer (Cal, 1995). The 
adsarption isotherms were measured at 25'C and a total pressure of about 1 atm. ACC sample masses were betweem 
10 and 20 mg and the total gas flow rate through the gravimetric balance WBS 0.1 to 0.25 &in. 

A&ldebyde Adsorption 
Acetaldehyde IypicaUy has a low adsorption capacity on activated carbons, including ACC. 'Iberefore, any 

chemical hearmen1 tbat could substantially enhance the adsorption of acetaldehyde (and similar compounds. such as 
foddebyde) could be pMentially useful. Comparison of the adsorption capacities (at 25°C and 1 am total pressure) 
for a series of chemically m-ed ACC-u).samples tbat were untreated. oxidized, nitrided and c h l o r i u  as 
desmted by Table 2 are presented in Figure 1. 

The largest gas-phase a c e W y d e  conmaation in air examined was Mo ppmv, while loo0 ppmv was the 
highest concentralion of acetone and benzene studied. It was observed that acetaldehyde undergoes conversion to 
acetic acid at higher concentrations. making the adsOrp(i0n capacity measurements invalid (Venugopal et al., 1967; 
Matheson Gas. 1993). 'Ibe highly oxidized sample, ACC20-(32% O), exhibits a much higher adsorption capacity for 
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acetaldehyde in the 50 to 500 ppmv concenadtion range when compared to untreated ACC-20. At 50 ppmv ACC20- 
(32% 0) adsorbs 4oow more acetaldehyde than untreated ACC-20 and at 500 ppmv it adsorbs 130% more 
acetaldehyde. The less oxidized sample, ACCU)-(21% 0). also shows enhanced acetaldehyde adsorption similar to 
that of ACC20-(32% 0). 

The incRase in acetaldehyde adsorption capacity on oxidized ACC is theorized to be due to an increase in dipole 
interactions and hydrogen bonding that occws between the acelaldebyde molecules and the additional carboxylic 
groups present on the oxidized ACC-20 (Table I). This effect appean to most pronounced at lower adsorbate 
concenmtions, and diminishes at higher adsorbate CO~CenbaIions, when the h e r  adsorbent pares begin to fill. It has 
been reported in the I i m u r e  that surface oxygen groups can affect adsorption (Zawadski, 1981; Boehm, 1966; 
Szymanski and Rychlidri, 1991). 

Nitridated ACC20-(4% N) shows improved acetaldehyde adsorption capacity over uatreated ACC-20 of 51% at 
50 ppmv and 9% at 500 ppmv. This increase in adsorption capacity may be due to interaction with the basic surface or 
may be due to the change in pore smrchye of the ACC. Finally, in the case of the chlorinated ACC10-(7.8% Cl) a 
slight decrease in the adsorption capacity is observed compared 10 the untreated ACC. The decrease in adsorption 
capacity appe;lrs to be related to the ACC surface chemise instead of physical properties because the pore volume is 
similar to that of ACC20-(21% 0) (Table 1). 

Benune Adsorptlon 
Adsorption isotherms for benzene and the series of chemically modified ACC are presented in Figure 2. Since 

benzene is nonpolar and essentially immiscible in H20. a hydrophilic surface should result in deueased adsorption 
(Puri et al., 1973). Oxidation of the ACC resulted in a 34% deaease in adsorption capacity for IO00 ppmv benzene in 
air, which is the same as the observed decrease in sm%e m a  (Figure 2 and Table I). Therefore, oxidation had little 

&/or pore volume between ACC20-(3.9% 0) and ACC20-(32% 0). The Nhided (basic) surface shows a slight 
increase in benzene adsorption capacity, while the chlorinated ACC?O-(7.8% CI) showed a slight decrease in 
adsorption capacity as compared IO ACCr0.(3.9% 0). This denease in adsorption capacity may be attributable to the 
decrease in micropore volume observed on the chlorinated ACC samples of may also be attributed to experimental 
mor in the measurements (Table I). 

Water Vapor Adsorptlon on Chemically Modified ACC 
The adsorption of water vapor on ACCZO-(32% 0) differs sigru6cantly from the usuaUy observed type V 

isotherm, and more closely resembles a type I1 isotberm (Figure 3). ACC20-(32% 0) is expected to have many more 
oxygenated or hydrophilic sites than any of the other ACC due to its high oxygen content The XPS data in Table 2 
shows a higher number of carboxylic bonds than the untreated ACC-20, con6rming that some of the hydroxyl and 
carbonyl bonds were oxidized to carboxylic bonds. The XPS data also shows that more carbon-oxygen (hydrophilic) 
bonds were formed during oxidation compared IO untreated ACC-20. The increase in carboxylic groups may be 
responsible for the enhanced water vapor adsorption at low relative humidities (RHs). From Table 2 and the 
adsorption isotherm dam, it appears that carboxylic groups have the most influence on water v a p  adsorption at low 
RH. The difference between the adsorption and desorption curves (hysteresis) is not as pronounced here, as it is for 
tbe untreated ACC. This may be due IO the increase in hydrogen-bonding between water and the oxidized carbon, 
allowing removal of water molecules in a more continuous manner. 

Adsorption-desarplion isotherms for nitridated ACCZO-(4.1% N) are presented in Figure 3. ACC20-(4.1% N) 
exhibits an inaease in water vapor adsorption capacity (200 to 60096, depending upon the RH) in the lower RH range 
(RH < 5M). This may be due to the increase in carboxylic sites compared to unueated ACcu)-(3.9% 0). as 
represented in the XPS data in Table 2. It has also been suggested that nitrogen can also constitute polar sites for 
H20b) adsorption (Bradley and Rand, 1993; TomlinSan, et al., 1993). thereby increasing HzOb) adsorption at low 
RH. ACC20-(4.l% N) exhibits about a 10% higher water vapor adsorption capacity than ACcL0-(3.9% 0) at high 
RHs. This is due to the increased total pore volume of ACC20-(4.l% N) observed in Table 1. The widening in the 
adsorption hysteresis cutye in forACC20(4.1% N) in Figure 3 is most likely due to a change in pore size distribution. 

Adsorption isotherms for water v a p r  and chlorinated ACC are presented in Figure 4. Table I shows a denease in 
BET surface area a decrease in carbon content (in W%), and a slight increase in oxygen content with inmasing 
chlorination. The decrease in surface area may be due IO chlorine atoms limiting or closing off access to the mler 
micropores present on h e  ACC. Water vapor adsorption was decrrased at RHs < 60% and where capillary 
condensation occurred (the step rise in the adsorption a w e )  was shifted to higher R H s  for the chlorinated ACCs. The 
amount of water vapor adsorbed at saturation was deaeased to a due to a denease in pore volume (Table 1). While 
chlorination increases the amount of polar sites present on the ACC due to the addition of chlorine atoms, these a im 
do not appear IO be favorable for water adForption, as are carboxylic sites. Chlorination appears to increase the 
hydrophobicity of ACC. 

SUMMARY 
ACC-20 was chemically modi6ed producing Oxidized chl-. and nitrated samples. Adsorption capacities 

for VOCs in the 10 to loo0 ppmv coocenuation and water vapar from 0 to 95% RH were m e a s W .  Oxidized ACC- 
20 showed an enhanced physical adsorption for acetaldehyde and wata  vapor, pmbably due to increased dipole- 
dipole intaactions and hydrogen bonding. Oxidation of ACC-20 changed the shape of the water vapor adsorption 
isotherm. so that it no longer resembles a Brunauer type V. Benzene showed a decreared adsqt ion capacity (about 
20 to 3G% less, depending upon concenuation) on oxidized ACC-20, which may be due to and i m  in 
hydrophilicity of ACC-20, or a change in pore size distribution. Nitridation of ACC showed hule effect on organic 
adsorption capacity, hut increased the saturation adsorption Capacity for water vapor by I N  on ACC-20 and 
kmxd the breadth of its hysteresis IT. These changes were the result of changes in the pore size disnibucion of 
ACC-20. 
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Table 1. Physical Characteristics and Elemental Composition of ACCs. 

285 
(C-c, c-H) 

286 
(Phenol, 

hydroxyl, C-OH) 

287 
(carbonyl, GO) 

289 
(carboxylic, 
C=OOH) 

I 3.9%0/mtreated I 1550 1 0.74 I 0.61 I 

55.9 46.86 57.28 42.08 48.43 

27.87 14.92 24.68 21.00 31.12 24.20 

9.29 13.03 7.64 8.12 8.23 8.14 

5.58 9.99 14.59 7.16 8.56 7.90 

I I I I 

91.96 
94.340 

4 ' tRbN 
widated) 1738 0.84 0.59 

291 
(shake-upband, 

n + n*) 

I I I I I 

6.32 6.15 6.23 6.43 10.00 11.35 

7'81c' I 1523 I 0.73 I 0.54 I 87.71 I (chlorinated) 

I I I I I 

a. 5% Elemental as determined by XPS. Difference in CI values 
due to uncertainty in the calibration standard used. 

4.50 
4.06' 1.60. 

ehveen the two methods may be 

Table 2. XPS Deconvolution of the Carbon 1s Peak Area for Chemically Modified ACC-20. 

I Percmtage of Total Area of Carbon Peak I I 
I I I 
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ABSTRACT 
Each year millions of tons of low-cost hydrocarbons in the form of 
coal fines are impounded. One potential application would be 
utilization in a unique process capable of converting the carbon 
into a highly graphitic vapor-grown carbon fiber (VGCF). This 
process currently produces vapor-grown carbon fiber from the vapor 
phase using natural gas, hydrogen sulfide and iron particles. The 
iron particles initiate the growth of the carbon fibers while the 
hydrogen sulfide enhances the yield, allowing the process to be 
economically feasible. Previous demonstrations involving 
pulverized coal have proven that coal can be used as an alternative 
source of carbon and sulfur in the production of VGCF. 
Furthermore, there is evidence that the sulfur from the coal 
remains with the carbon fiber catalyst during the reaction and does 
not exhaust as SO, into the atmosphere. It is the object of this 
research to determine if coal fines pulverized to -325 mesh are 
also a viable source of carbon and sulfur for VGCF production. 

INTRODUCTION 
Currently, commercial carbon fibers possessing a wide range of 
properties are formed from precursors of polyacrylonitrile (PAN) or 
petroleum pitch. Generally, these types of fibers have common 
methods of synthesis and handling, the latter of which is similar 
to textiles. Commercial fibers are made by extruding or spinning 
a continuous filament or thread from a polymer. The continuous 
filament is subsequentially oxidized under tension to 200°C then 
carbonized by slowly heating it in the absence of air to 1000°C. 
Additional heating up to 30OO0C provides higher degrees of 
graphitization necessary for ultra-high strength and/or stiffness 
applications. The cost of multi-step production for commercial 
carbon fibers limits their application to reinforcements in 
aerospace composites, golf clubs, fishing poles and other high 
performance products. 

The production method of vapor grown carbon fibers is in sharp 
contrast to the production method of commercial carbon fiber. The 
one-step process, shown in Figure 1, has no involved extrusion or 
spinningoperations allowing VGCF to be produced ata significantly 
lower cost. One type of vapor grown carbon fiber produced in our 
laboratory, and designated as PYROGRAF 111, is initiated with iron 
particles which catalyze the growth of partially graphitic 
filaments in the presence of hydrocarbons at 1000-llOO°C. Such 
fibers have diameters on the order of nanometers. Pyrocarbon 
subsequently deposited on the walls of the filament thickens the 
diameter of the fiber with the basal planes of the deposited carbon 
preferentially oriented parallel to the filament surface’. Recent 
studies have shown significant enhancement of fiber nucleation 
efficiency by the addition of sulfur into the reaction’. The 
sulfur reacts with the catalyst and becomes overcoated by the 
fiber. Although H,S is beneficial to the efficiency of fiber 
production, it is used with great reluctance since it is expensive, 
highly corrosive to rubber seals andmetal fittings, flammable, and 
as toxic as hydrogen cyanide. Therefore, coal fines are being 
trialed as the source of sulfur to eliminate the hazards and high 
cost of hydrogen sulfide. 

Figures 2 and 3 show scanning electron micrographs of PYROGRAF 111 
and typical continuous commercial carbon fibers. The diameter of 
PYROGRAF I11 generally averages 0.2pm as produced while commercial 
fibers are 8pm in diameter. Unlike commercial fibers, PYROGRAF 111 
are not continuous but are an entangled mass resulting from the 
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turbulence of their gas phase generation. The length/diameter 
ratio for PYROGRAF I11 ranges from 40  to 2 0 0 .  However, due to the 
purity with which carbon is incorporated into the fiber, VGCF has 
a highly graphitic structure which results in higher values of 
physical properties than are realized in commercial carbon fibers, 
as shown in Figure 4 .  

Currently, PYROGRAF I11 production uses iron pentacarbonyl, natural 
gas and hydrogen sulfide as the sources of iron, carbon, and sulfur 
respectively. An economic scale-up analysis on the PYROGRAF I11 
process performed by Battelle showed that the VGCF can be produced 
for under 5 $/lb using the aforementioned feedstocks. Additional 
cost reduction would result from using coal fines as shown in Table 
1. Reduction in the cost of the feedstocks is vital for allowing 
PYROGRAF I11 to be considered for automotive applications, such as 
in sheet molding compounds and numerous low strength components 
such as motor housings, interior panels, and other low-cost 
applications. 

EXPERIMENTAL 
A reactor used in PYROGRAF I11 production (Figure 1) was modified 
to allow the introduction of pulverized coal into the reactor. The 
reactor normally uses a feedstock mixture of natural gas, iron 
pentacarbonyl particles transported into the reactor by a helium 
stream, and 99.3% pure H,S gas simultaneously injected into the 
2000° F reactor. A typical control formulation that would produce 
a 2 5 %  yield is shown in Table 2. The apparatus to feed the coal 
fines is a Vibra Screw@ Mini Feeder driven by a variable speed 
motor. The hopper is sealed to prevent the influx of oxygen which 
could cause immediate combustion of any fiber or hydrocarbons at 
the process temperature. The coal feeder transports the coal dust 
directly into the main gas feed to be carried into the reactor. 

In the coal trials, the hypothesis is that sulfur-bearing coal can 
replace H,S as the source of sulfur in the reaction. A combination 
of coal and methane were used as the hydrocarbon feedstock. The 
formulation was chosen such that the percentage of sulfur in the 
reactor derived exclusively from coal is equivalent to the 
“control” formulation of sulfur in the process when using methane 
only. Ohio # 8  Coal from CONSOL Inc., at 4.71% total sulfur and 
4 6 . 6 %  total carbon, was pulverized to less than 63pm. Methane was 
used as the carrier gas in Trial 1 at the rate required to balance 
the sulfur/carbon ratio to the control value. To determine the 
material balance, it was assumed that all the sulfur in the coal 
exists as hydrogen sulfide. In fact, the compounds of sulfur in 
coal vary extensively; however, as shown elsewhere’, the sulfur 
level can vary and still produce acceptable vapor grown carbon 
fiber . 
RESULTS 
Figure 5 is a micrograph of fiber produced from a mixture of coal 
and methane in which all of the sulfur was supplied by the coal. 
It is inferred from this micrograph that the sulfur contained in 
the coal plays an active role in the catalytic process, similar to 
the case where H,S is used. The morphology of the fiber product 
and the absence of soot in this trial indicates comparable quality 
to the best material which can be produced by this method. Coal 
also contributes carbon to the process as can be inferred from 
Figure 6 in which fiber was produced using coal as the sole source 
of sulfur and carbon. In this micrograph the presence of soot is 
evident indicating that the sulfur to carbon ratio ib unbalanced. 

The degree of graphitic ordering is the crucial property that 
causes the wide range of strength and conductivity of carbon 
fibers. To estimate the degree of graphitization of the fiber 
produced with coal, X-Ray diffraction was used. Table 3 shows that 
the “as grown” samples using coal has graphitization in a range 
typical of a low modulus commercial fiber. 

In the control process, which relies on H,S introduced to a pure 
methane feedstock, periodic analysis has been made of the exhaust 
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emissions during trials. In the tests to date, sulfur has not been 
detected in the exhaust. During the present experimentation, the 
exhaust was sampled using gas chromatography, with a similar 
result. While the current GC analysis is relatively insensitive 
with respect to measurements on the control process, the 
detectability limit implies a sulfur concentration less than 1%. 

Since the sulfur content in coal exceeds the control balance, such 
a result implies an optimistic consequence to a balanced sulfur 
content. These data taken together offer incontrovertable proof 
that VGCF can be generated from high sulfur coal. Furthermore, 
effort to optimize the formulation should result in carbon fiber 
generated from high sulfur coal with quality and efficiency 
comparable to processes using other hydrocarbon sources, and at 
costs enabling economic viability. Although further work is needed 
to assess the effects of the organics and ash content variation in 
coal, their presence does not prevent the growth of a carbon fiber 
with graphitic ordering, and would be acceptable in applications 
such as reinforcements for cement and rubber. 

While these studies indicate the viability of using high sulfur 
coal as the hydrocarbon feedstock in the production of VGCF, in 
practice, the high percentage of sulfur in various coals, as well 
as the variability of the percentage of sulfur in coal, will most 
likely mandate a combination of hydrocarbon feedstocks in order to 
maintain the process balance needed for optimum production. The 
role of coal particulate in contributing both to the hydrocarbon 
balance and sulfur balance, is significant in any event. 

Sulfur 
Source 
Carbon . 
Source 

\ CONCLUSIONS 
It has been demonstrated that coal particulate can be used to 
produce VGCF, contributing both carbon and sulfur to the reaction. 
Work is in progress to optimize the process for conversion of coal 
fines to carbon fiber. Viability of the process will depend on the 
conversion efficiency, degree of graphitization of the fiber, 
percentage of ash in the product, and whether the process can be 
sustained on a continuous basis with an environmentally-benign 
exhaust. This work suggests an economical and ecologically safe 
process for the utilization of coal fines as the source material 
for carbon fiber reinforcements in rubber, cement, as well as 
composites for automobiles, electronics, and aerospace components. 
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Fioure  2. As-grown PYROGRAF I11 Figure  3.  Commercial Carbon 
Produced w i t h  Methane. Fiber.  

F i n l l r P  4. Tensile-Modulus Proper t ies  o f  VGCF 

F igure  5.  As-grown PYROGRAF 111 Fianare fi. As-orown PYROGRAF 111 
Produced w i t h  Coal a s  
Sole Source of  Carbn 
and S u l f u r  

Produred w i t h  Coal 
Renlacinq HZS. 
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TABLE 2. Control Formulation for PYROGRAF I11 Production' 

Fe(CO) 5 I 1.68 I 1 . 6 9  
* Formulations are in per cent by weight 

Table 3. X-Ray Diffraction Analysis' 

EXHAUST 

Ceramic Tube 4" O.D. x 9' Length 

Figure 1. Apparatus for Growth of Vapor Grown Carbon Fiber I 
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Abstract: 
Activated carbon fiber composites show gnat promise as fixed-bed catalytic reactors for use in environmental 

applications such as flue gas clean-up and ground water decontamination. A novel manufacturing process produces low 
density composites h m  chopped carbon fibers and binders. These composites have high permeability, can be activated 
to have high surface area, and have many potential environmental applications. This paper reports the mechanical and 
flow properties of these low density composites. Three point flexural strength tests were used to measure composite 
yield strength and flexural moduli. Composites containing over 10 pph binder had an adequate yield strength of about 
200 psi at activations up to 40% weight loss. The composites were anisotropic, having along-fiber to cross-fiber yield 
strength ratios between 1.2 and 2.0. The pressure drop of air through the composites correlated with the gas velocity, 
and showed a dependence on sample density 

Introduction: 
The use of activated carbons for waste stream clean up is well known. However, the costs of using beds of 

adsorptive carbons are prohibitive in many cases. The uptake of chemicals into beds of granular carbon can be slow, and 
the pumping cost for beds of powdered carbons can be prohibitively high. The carbon fiber composites studied here 
have the advantages of high mass transfer rates inside the fibers, good mechanical seength, and high permeability to 
liquids and gases. 

are made &om amorphous carbon fibers which are ''glued'' together using a variety of binder systems. The binder works 
by cementing together fibers at their points of intersection. Binder may also adhere to the fiber surface, and can be 
activated as well. 

These materials, which can be described as a highly porous solids, can be machined or formed to fit in many 
existing systems, and will act as fixed bed catalytic reactors for chemical removal or adsorption. Specific applications of 
these materials will result in different static and dynamic loadings. The composite parts must be able to withstand the 
loads seen during installation as well as operation and exhibit low pressure drop characteristics. 

Mass Transfer Inside the Fibers 
Reactants need to move &om the bulk gas stream to the fiber surface, and then diffuse to reaction or sorption 

sites inside the fiber interior. One critical step in this sequence is the diffusion of the reactants inside the fibers. Because 
of the small diameter of the fiber, the rate at which this step takes place will be rapid compared to other facton in the 
process. The fibers have small pores through which gases and liquids can diffuse to the interior. 'the Fourier number 
fordiffusion can be used with various unsteady state solutions to the cylindrical diffusion equation (Newman, 1931) in 
order to estimate the time needed to accomplish 90% of a step change in the gas phase concentration at the fiber surface. 
The diffusion coefficient of the solute is taken to be appropriate values for gas or liquid solutes, and the average fiber 
diameter was less than 25 microns. The Fourier numbers for the two types of carbons show that the diffusion time for a 
fiber is several orders of magnitude shorter than for a granular carbon particle (Table 1). The fibers used in the ACFC's 
studied here have intrinsically rapid uptake rates for both gas and liquid systems. 

The composites were manufactured using a novel process developed at the University of Kentucky. ACFC's 

Mechanical Strength 

annular (candle) filters arranged in a bag house type system. In either w e ,  the filter unit would require good flexural 
strength. It also must withstand installation, cyclic loading, and, for some applications, regeneration. These criteria 
have led us to evaluate the mechanical perfonnance of the campsites using flexural tests. In addition, some 
applications will require complex composite shapes which are expected to be anisotropic due to the nature of the 
forming operation. Therefore, mwurements in the machine and transverse directions are compared. 

The activated carbon fiber composites would be used either as flat filters eeating the entire gas flow, or as 

Permeability to Gases and Liquids 
Activated carbon fiber composites (ACFC's) can be used in gas phase processes because of their low pressure 

drops and high internal mass m f e r  rates. Possible uses include low temperature removal of sulfur dioxide and nitrogen 
oxides from flue gas streams. The flue gas velocities are on the order of 3 meters per second, requiring high reaction 
rates, high mass transfer rates, and low pressure drop operation for economic treatment. The pressure drop for a fluid 
flowing thmugh the composite can be compared to that of a fluid in a packed bed. The commonly used model for flow 
in a packed bed is the Ergun equation: 

_- P 15@U ( l - ~ ) ~  +-.- 1.75pV2 1-E 

L @ E3 Dp s3 ' 
--.- 

where ( AWL) is pressure drop per length, U is the SUperficial velocity, Dp is the effective fiber diameter, p is the fluid 
viscosity, p is the fluid density, and E is the composite void fraction. As the system studied does not follow the 
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assumptions necessary for use of the Ergun equation, a modifiea form of the equation was used in this study. This is 
equation is 

K .(U')", AP 
L 

-= 

with K being a parameter dependent on the fluid properties, and n is between one and two. U', the corrected velocity, is 
defied by 

U .  U' = -. (1 - & ) I  

E '  

Objectives 
This study measures the failure strength and the permeability of a novel activated carbon fiber composite. The 

mechanical properties of these materials were studied using modified ASTM flexural testing methods. Pressure drop was 
correlated with gas velocity and the density of the composite 

Experimental: 

The composites were tested to determine flexural strength at break, maximum strain, and the elastic modulus of 
the material. Samples were formed in 4 inch diameter cylinders, about 4 inches in height. ASTM standard C203-92 ( 3 
point bend flexural testing of block type insulation) was followed. The samples were cut from the block in two 
directions. We cross direction is the plane parallel to the direction of composite formation. The along direction is the 
plane perpendicular to the direction of formation. We samples were tested using a three point apparatus on an Instron. 

Scanning electron micrographs were taken of the tlacture plane of the samples. SEM analyses were used to 
identify failure mechanisms and binder distribution in the samples. In most cases, the samples were sputtered with gold 
and then analyzed at 600x magnification. 

psi microhansducer. Nitrogen at controlled volumetric rates was passed through composite samples until a constant 
pressure drop was determined for each flow rate. 

The variables effecting the flexural strength of the composites were: fiber length, binder content, thermal 
treatments, and preactivation of the fibers before formation. The binder used in composite formation is a phenolic 
thermoset. All fibers used were obtained from Ashland Chemical and have an average diameter of 17 microns. Samples 
were made which contained differing binder quantities: 5 ,  IO, 20 and 40 parts per hundred. Each of these samples were 
also tested under all of the activation phases: cured, baked, and activated at IO%, 20% and 40% weight loss. 

is held at 150 OC to completely cure the binder resin. The composite is baked in an inert atmosphere at > 650 OC. 
Activation is done by heating the composite at temperatures greater than 750 OC in a carbon dioxide or steam 
atmosphere. 

Pressure drop measurements were made using an Omega DP41-E High Performance Process Indicator and 0 - 2 

Several different thermal treatments were studied curing, baking, and activation. During curing, the composite 

Results: 

Composite Morphology 
The 5 ppb binder composites were found to be too weak for practical application, and friable during bandling 

for all thermal treatments. Because of this poor sample integrity, the 5 ppb samples were difficult to test, and had low 
reproducibility. SEM analysis of these composites showed binder wicking at the fiber contact points during the curing 
process, Some of the fiber contact points were not wetted with binder, and the fiber surfaces were not been coated with 
binder. 

The IO pph binder composites exhibited much higber strength than the 5 pph samples. In the SEM analysis of 
the IO pph binder composites, most ofthe fiber contact points are wetted with binder. Some of the excess binder wicks 
onto the fibers, completely covering the fibers in samples containing 20 pph binder. This wicking of binder to cover the 
fibers continues at the 40 pph binder content level and gives a thick coating. 

Mechanical Strength 

cross- and along-fiber directions. These samples were found to exhibit anisotropy. The yield strengths of these samples 
are adequate in all samples except the 5 pph binder content sample. The yield strength increases with increasing binder 
weight fraction. The level of anisotropy is 1.1 to 2.0 based on cross- to along-fiber strengths. (Figure 1). 

differing binder contents as well (Figure 2). The effect of thermal processing can also be seen in the SEM analysis. 
Composite samples containing 40 pph binder before curing were activated to 13.19, and 35 %weight loss. At 13%, 
binder completely coats the fibers. At 19%, binder still coats the flbers, although not as thickly. At 35 % weight loss 
activation the fibers are no longer coated with binder. At each activation level, evidence of binder failure, fiber pullout, 
and flakiig of the binder away tlom the fibers can be seen. This indicates a failure mechanism of fiber pullout, or, 
failure of the fiber binder interface. 

microns, result in the composite with the highest flexural strength at break. The longest fiber, at 10,000 microns, has the 
longest span between binder contact points, resulting in the weakest composite. See Table 2. 

strongest, have the highest modulus, and have the highest density. Baked samples have a lower density, but also have 
lower strength and modulus. Activated samples have the lowest sbength, the lowest modulus, and the lowest density 
(Table 3). This could be a result of the binder coating acting to stiffen the fiber-binder piece. At higher stages of thermal 
processing, excess binder is burned away, and the Strength Of the composites decrease. This trend of decreasing modulus 
and strength with increasing thermal processing is seen in composites made from medium and long fibers as well. 

The flexural strength at break of standard samples made with P400 fibers and cured only were compared in the 

More thermal processing reduces yield strength and elastic modulus. This @end is !me for samples with 

Fiber length has a significant effect on composite strength. The shortest fibers, p2OO's with a length of 350 

5' Composite mechanical properties decrease with increasing thermal processing. Cured composites are the 
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Higher amounts of binder in the composite make it stronger, but increase the density. Normalized moduli (Wp) increase 
directly with binder content, suggesting that the binder conbibutes directly to material strength (Table 4). 

Composite Flow Characteristics 

Pressure drop per unit length increases with composite density, and with increasing fluid superficial velocity 
(Figure 3). The data is fitted by the modified Ergun equation: K equals 288 for nitrogen and n is 1.168 (Figure 4). 
Ninety-eight percent of the data fall within two standard deviations of this fit. Thermal processing has no significant 
effect on pressure drop. The composites are isotropic with respect to pressure drop. 

Conclusions: 

Variables which effect the strength and modulus of activated carbon fiber composites are fiber length, binder 
content, and level of thermal processing. The composites show seength anisotropy, 1.1 to 2.0, between the cross- and 
along-fiber alignment directions. 

content leads to thicker layers of wicked binder coating the fibers. Thermal processing hums away the binder, resulting 
in a weaker composite with lower density. 

would have adequate strength for low pressure drop systems at activations up to 40% weight loss. This implies great 
flexibility in application and tailoring of the composite morphology for different catalytic systems. 

yield strengths at break, higher elastic moduli, and a lower elongation at break. Thermal processing reduces the 
composite strength and moduli because the wicked binder is burned away. 

The pressure drop in the composites can be accurately predicted using a modified form of the Ergun equation. Pressure 
drop is proportional to the corrected velocity to the 1.168 power, and K, the proportionality constant, is 288 for nitrogen. 

SEM micrographs show that the failure mechanism for these composites is fiber pullout. Increasing binder 

For most applications, the strength of composites with IO parts per hundred binder and higher composites 

The effect of fiber length was as expected. Composites made with shorter fibers have higher densities, higher 

The composite is highly permeable to gas flows, and has a low pressure drop at industrial flue gas velocities. 
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Carbon Form Length Scale, Gas Phase (go%), Liquid Phase (Po%), - 
cm S s 

fiber 0.0025 0.000005 0.05 
granule 0.10 0.032 320 

Table 2: Effect of fiber length on strength. 
Fiber Strength, 

microns 

P400 
P3200 10,000 

cured 
baked 

activated 

Table 3: Effects of thermal processing on short (p200) fiber composites. 
I Thermalstage I DryDensity, 1 Strength, I Modulus, I 

d= psi psi 
0.330 324 39,000 
0.309 249 14,200 
0.261 157 9,870 

Binder Content, Modulus, 
part per hundred psi 

10 6,430 
20 10,300 
40 22,000 

Dry Density, WP 
dcc  
0.210 30,600 
0.220 * 46,800 
0.237 92,800 

500 

400 
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200 

100 

0 
0 0.05 0.1 0.15 0.2 0.25 0.3 

Binder Weight Fraction 

Figure 1. Effect of binder weight hction on Yield Strength. P400 fibers, cured. 
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Figure 2. Yield strength over the processing lifecycle. 
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Figure 3. Pressue Drop versus Superficial Velocity. 
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Figure 4. Pressure drop versus corrected velocity. K = 288, n = 1.168. 
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STATE-OF-THE-ART IN PREDICTING ACTIVATED CARBON PERFORMANCE 

Mick Greenbank 
Calgon Carbon Corporation 

P.O. Box 717 
Pittsburgh, PA 15230-07171 

Keywords:ldeal Adsorbed Solution, Polanyi Adsorption, Activated Carbon 

Abstract: 
Adequate theories of multicomponentgas and liquid phase adsorption have been available for IO to 
15 years. Yet the ideal of using computer simulations to determine treatment costs and to aid in 
design of real-world environmental systems has never fully materialized. However, current 
adsorption theories are accurate enough, and quite useful, for making relative comparisons of 
performance of different carbons and for looking at adsorption versus other technologies for new 
applications. The use of a gas- and liquid- phase adsorption model is evaluated for predicting 
performance, optimizing carbon selection, and designing systems for environmental applications. 

I. MODELING ENVIRONMENTAL APPLICATIONS - DEFINITION OF THE PROBLEM 
The ideal situation would be to have a computer program that instantly predicts the capital and 

operating cost of an optimizedactivatedcarbon system that solves a specific environmentalproblan 
in both the gas and liquid phase. In addition, the program would need to be able to account for 
variability in conditions and stream composition. This algorithm would allow ‘what-if type 
analyses to aid in design of an optimal system and account for upsets and shutdowns. Also, in the 
activated carbon design, the algorithm rhythm would provide instant feed back on performance 
leading to better activated carbon processing schemes and products. We are not there in 1996, but 
have made progress. 

This is not a statistical error analysis or a review of existing adsorption theories. Instead it is a 
description of what the most practical theoretical approaches can and cannot do with environmental 
applications. The discussion is less mathematical and more problematical. 

A. APPLICATION DEFINITION - COMPUTATIONAL PERSPECTIVE 
To do a computation of performance of an adsorption system, we need to know each adsorbable 
component present, including water. Any background components may be important, even if 
nondetectableusing current techniques. For each component we need concentrationsand variations 
in concentration over the life of the system. Also the treatment objective (acceptable emuent 
composition) should be defined in similar terms. The required system variables are temperature of 
each carbon particle (Usually approximatedas a simple linear or a radial temperature profile through 
the adsorber) and gas-phase or liquid-phase linear velocity between the particles. The stream must 
be a single phase, to have effective contact of the contaminantswith the carbon particles and to avoid 
any unpredictable decay in performance. This means that for the gas phase there must be no 
particulate matter or freely condensed material, for the liquid phase there must be no suspended 
solids or precipitation within the column. 

B. APPLICATION DEFINITION - REAL WORLD PERSPECTIVE 
This ideal of an application description satisfying requirements for computation is rarely, if ever, 
obtained. Differences between the information required for computation and what is provided by 
the application definition are listed below. 
1. 
Generally the best case scenario is a stream analysis using a gas chromatograpWmass spectrometer 
(GCMS) and is usually a first step for both gas and liquid phase applications. This gives a list of 
compounds and concentrations for a sample taken usually at one moment in time. The GCMS 
analysis is relatively expensive. Consequently, time averaged values and histories of stream 
compositionare generally not available,and thus variability of composition is not well defined. The 
major problem with GCMS analysis is that the largest, most adsorbable molecules are also not 
volatile, and thus are difficult to detect with GCMS. Test methods that are less specific, such as gas 
or liquid chromatography (GC or LC), measure the major or critical components and give little 
information on background components. Nonspecific tests such as total organic carbon (TOC), 
chemical oxygen demand (COD), biological oxygen demand (BOD), color, odor give no useful 
information and only hint at the composition. However, comparing the results of one of these 
nonspecific tests to the sum of the concentrations of the known components can be useful to find 
how much background material is not accounted for in the calculation. Sometimes,this backgrod  
material can be approximated by substituting model compounds. 

. .  
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2. CarbontemDerature 
The temperaturecritical to the calculation is the temperature of the carbon where the adsorption is 
occurring, not the ambient or stream temperature (when gradients are present). Fortunately the 
carbon temperature profile in the adsorber is usually known or can be approximated. 
3. Linear velocitv or flow rat e and its variability 
Assuming no flow complication such as plugging or wall effects, the activated carbon is only 
concerned with the instantaneous linear velocity in the voids between it and its neighbors. This 
generally can be determined from the mass flow rate, void fraction, and dimensions for a given 
carbon system design. What generally is not included in the calculations are the fluctuations in the 
flow rate, or stoppage of flow due to shutdowns. 
4. Variabilitv of concentration and comuosition. 
Variability in stream compositions involves probability of upsets or spills and their magnitude, 
equipment operating schedules and flow rate changes, and the reliability of the sources of 
contamination. Few streams are consistent, but many streams that involve a leaching phenomenoq 
and where the equipment follows a regular routine schedule can become predictable with experience 
Unfortunately this experience is generally not available during the design or evaluation stages of 
a project. 
5 .  D h e r v  t ariables affecting Derformance 
Other factors that can affect performance for gas-phase systems are: relative humidity, presence of 
condensables (including water), dusts or particulate matter (particulate size and amount). Other 
factors affecting performance of liquid-phase systems are: pH, conductivity, suspended solids 
(particulate size and amount). For humidity and pH, the effects can be estimated over a range of 
conditions and the performance detriment determined. Then an economic decision can be made for 
humidity or pH control or adjustment. The inlet end of a carbon adsorber will act as a particulate 
filter for dust and suspendedmatter, with the ability to filter material with diameters greater than one 
tenth of the smallest carbon particle diameter. However, operation of a carbon adsorber as a 
particulate filter is awkward and can be more expensive. The decision on whether to use prefilters 
for particulates is economical and depends on the severity of the problem. Unfortunately the 
adsorptive performance decay resulting from the lack of a prefilter for particulates can only be 
approximated crudely. 
6 .  Definine treatment obiectives 
Performance is usually defined by the point at which the treatment objective is exceeded Although 
objectives are usually dcfincd, the exact point at which a treatment objective is exceeded sometimes 
adds uncertainty. For example, predicting the point at which a treatment objective is exceeded can 
be complicated when the objective is a nonspecific test result such as total hydrocarbon,TOC, BOD, 
COD, color, or odor, and a wide variety of components are present in the effluent of the carbon 
system. When the objective is cumulative mass over a time period (for example, kilograms of 
hydrocarbon per month), determining the calculated point at which the carbon system is exhausted 
and should be replaced is difficult. Percentage removal objectives for individual components can 
be difficult due to the potential variability of the influent stream and the time lag of a change in the 
influent to a change in the effluent. From a computational point of view, the simplest treatment 
objectives are concentration limits for individual components. 
7. meneration (thermal or extraction) 
Incorporationof a regeneration scheme, whether thermal (Steam or hot air), vacuum, or extraction 
(using a solvent or a pH shift) adds many more variables and uncertainty to the calculations. For 
example, a correlation of isotherm data as a function of temperature is required for thermal 
regeneration. Generally the approach is to measure several regeneration cycles and look for the 
system to reach a steady state. This approach is generally adequate, but does not predict the eventual 
exhaustion of the carbon with nonregenerable components or other operating inefficiencies that 
occur later in the life ofthe carbon bed (such as degradationof the particle to a smaller particle size 
or slow oxidation of the carbon structure). 

. 

11. THEORETICAL APPROACH TO ADSORPTION 
A few computationalapproaches can be used to approximate adsorptive performance, even within 

.the limitations of the real world descriptions of environmental applications mentioned above. In 
order to select an adsorption theory for predicting performance in environmental applications, the 
following criteriamust apply. The theory must be applicable: for systems with an unlimited number 
of components, for use with any of the wide variety of commercial activated carbons, and for the 
range of system variablespresent such as temperature,pressure, and pH or humidity. These are not 
trivial requirementsbecause they imply that a multicomponent isotherm capacity can be determined 
for any component for any activated carbon over a range of concentrations and temperatures, 
pressures, pH, or humidity. With all these variables, measuring enough points to define the 
multicomponent isotherm surfaces is not practical. Therefore, the theoretical approach must predict 
multicomponent isotherms from single component isotherm data. Also isotherm data on one 
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activated carbon must generalize to all other commercialized carbons (Libraries of empirical 
isotherms will not be available for all commercial carbons). At least two approaches can satisfy 
these computational requirements and the practical limitations on the amount of empirical data 
required. The Ideal Adsorbed Solution Theory' (IAS) incorporating a generalized characteristic 
curve*, and the Polanyi Adsorption Potential Theory ' incorporating the Hansen-Fackler 
Modificatiod (Polanyi). The remainder of the discussion on performance prediction will be limited 
to the use of these two approaches. 

A. THEORETICAL APPROXIMATIONS AND ASSUMPTIONS 
1. predom inata  
The adsorbates exhibit no specific interactions with the surface or each other, including chemical 
reactions on other nonideal behavior. This is a good assumption for most adsorbates on activated 
carbons. Specific interactions do occur, for example dipole-dipole and dipole-surface oxide 
interactions,but they are generally less significant than the nonspecific physical attractions. If this 
is not the case, then a polar adsorbent like Silica gel or alumina should be used instead of a nonpolar 
activated carbon. If the specific interaction between adsorbates is strong, such as with dimerization, 
then treat the dimer as the adsorbate. 
2. Bulkbehav ior is observed in the Dores 
What happens outside the particle happens inside the pores of the activated carbon. In other words, 
the adsorbates exhibit lateral interactions, bulk solubility limits, and melting points. The carbon 
structure does not alter the physical properties of the adsorbate. This is a good approximation on 
nonimpregnated activated carbons. 
3. 
All adsorbateshave equal access to all portions of the carbon pore structure. Generally this is a good 
assumption. Molecular sieving or exclusion of large or bulky molecules does occur in activated 
carbons in specific instances, but it is the exception and not the rule. Also, on commercial activated 
carbons, the pore structure is purposefully open to provide easy access. Adsorbates excluded are 
generally so large that they are adsorbed in another part of the structure. When exclusion does 
occur, accounting for it with mathematical corrections to the single component isotherm is a 
possibility. 
4. mlume  -based c o r n o w  
Applicationis based on pore filling, and adsorbatescompete on a volume basis. An adsorbate with 
twice the molar volume will compete with two of the smaller molecules. This is a good assumption 
and is why molar volume is one of the most important properties in determining adsorbability of a 
molecule. 

. .  

. .  

B. STEPS IN THE COMPUTATION 

The first step is to generate a set of single component isotherms on a carbon of interest over the 
range of temperaturesand stream conditions. An empirical approach would require a handbook of 
adsorption isotherms to be determined for each contaminant, on every carbon, over the range of 
temperatures and pH. The solution is to generate the single component isotherms using a 
generalized characteristiccurve for the carbon and set of specific characteristics for each adsorbate 
determined on a standard carbon. The IAS theory can also incorporate a generalized characteristic 
curveJ to generate the single component isotherms that are very similar to this classic Polanyi 
approach! 

First assume a pair of adsorbate properties, independent of the carbon, which can be used to scale 
adsorption isotherms to a single characteristiccurve. One property is related to relative strength of 
the adsorptive interaction (F'olanyi polarizability),and the other is related to the efficiency of filling 
the pore structure (molar volume in the pore determined from the maximum adsorption capacity at 
near saturatedconditions). Next assume that the characteristiccurve is a functionof the carbon pore 
structure and therefore is a property of the adsorbent and independent of the adsorbate. The 
characteristiccurve is generally presented as a distributionof pore volume over different adsorptive 
forces, corresponding to different pore sizes. The assumption is that the carbon pore structure is 
constant and fills on a volume basis and interacts with molecules in the same manner. Differences 
are in the number of molecules that fit into a pore and the relative strength of the interaction with 
the carbon structure. 

With these assumptions, only one isotherm for a standard adsorbate (for example propane) is 
required on each carbon to determine the characteristic curve. Several simple techniques are 
available to generate these data easily.' Then one isotherm for each contaminant is required on a 
standard and well-defined activated carbon to determine the adsorbate molar volume and relative 
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adsorption strength in the pores. The database of published isotherms on well-defined standard 
carbons is growing, but is still inadequately small. 

The thermodynamicsof adsorptionof multicomponentsystems on activatedcarbons, both from the 
gas-phase and liquid-phase, has been defined by several models: but the most popular have been 
the Polanyi and IAS theories. Both approaches are thermodynamically consistent9, and calculation 
algorithms are available which can handle a large number of carbons and adsorbates efficiently.’0 
The computation determines the partial occupation of the different regions of the pore space 
(adsorption sites) by the different contaminants. By summing the occupation of all sites by all 
contaminants, under the stream conditions, a multicomponent loading on the carbon particle is 
determined. 

-transfer r esistancc 3. --&el for mass 
Once the multicomponent thermodynamics has defined the equilibrium state, a kinetic model can 
be incorporated to account for the diffusion of the adsorbate into the carbon pore structure. The 
adsorption kinetics has been most often modeled using an approach that incorporates three or four 
diffusion steps: the interparticle mass transfer (bulk diffusion), intraparticle mass-transfer @ore 
diffusion), and finally adsorption/reorgani~tion (surface diffusion).” 

The interparticle step is dependent on flow rates and column packing efficiencies It is independent 
of carbon structure except its particle size and shape, and has been adequately modeled using 
columnsof glass beads. Some modelersalso add a boundary layer or film diffusion step as a second 
step in the interparticle (or bulk) diffusion process. The Interparticle diffusion process is readily 
handled mathematically with few empirical parameters. 

Intraparticlediffision is independent of the flow rate or column dimensions but is highly dependent 
on carbon transport pore structure, often called the macropores and mesopores. Because this 
transportstructureis specific to the carbon pore size distribution and how the pores are connected, 
the intraparticlediffusion coefficient can only be determined empirically. Unfortunately for nearly 
all ‘well-designed’ systems this is the slowest and thus the rate-controlling step in the adsorption 
process. The surface diffusionor rearrangement steps are independentof the transport pore structuxe 
but are dependent on the carbon and processes that are occurring. It also is only modeled 
empirically. 

One goal in commercial adsorption systems design is to ensure the mass transfer zone is less than 
20% of the column length to use the capacity of the activated carbon efficiently. For gas-phase 
adsorption systems it is generally much less than 20%. Therefore, the accuracy of the kinetic model 
is less critical when dealing with well-designed adsorption systems, especially in the gas-phase. 
Consequently, crude approximations for the interparticle, intraparticle, and surface diffusion 
coefficients are often used and are adequate. 
4. h p r e s e n  tation of the a dsorbent column 
Once the kinetics and thermodynamics are described, then a model is needed to represent the 
adsorption system. The column dynamics can be represented several different ways,’* from 
theoretical plate (or stage-wise equilibrium) approximations, that resemble distillation column 
models, to calculationof widths of adsorption bands which resemble chromatography approaches. 
More rigorous approaches using coupled partial differential equations for heat and mass balance can 
also be used, but are generally not justified unless the system is complex, for example involving a 
complicated regeneration scheme. 

Errors are also introduced when simplifying assumptions are made, like treating nonisothermal 
column profiles as isothermal or ignoring heat losses and treating the column as adiabatic. The other 
complications that can be over simplified are competitive displacement resulting in a rollover of 
displaced component, and concentrations within the column that are higher than the influent. 
Rollover increases column efficiency, but this increase is often ignored by models.” Finally, 
complicationsare added by the regenerationprocess, which is almost always a partial regeneration, 
and usually runs countercurrent to the adsorption flow. This results in complicatedtemperature and 
loading profiles in the carbon column and broader mass transfer zones. Simplifying approximatiom 
for regenerable systems are the same as the ones mentioned above, but are more significant and thus 
result in larger errors. 

C. RESULTS OF THE COMPUTATION 
The results of the computationdescribe the column performance as order of elution, adsorption band 
widths, rollover or displacement, mass transfer zone size, and carbon exhaustionrate to a percentage 
breakthrough or to an effluent concentration limit. The order of elution shows which compounds 
elute first and will be key in exceedingthe treatment objective. The adsorption band widths define 
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the segregation or chromatographic separation of components on the carbon column that can be 
important in some purification and separation processes. Rollover or displacement behavior can 
be important when dealing with separation using desorption processes or adsorbate recovery 
processes. A mass-transfer zone is predicted for each componentpresent, but only the early eluting 
components are of interest. The mass transfer zone size of these components dictates the adsorber 
size and is the key to the system balance between the capital cost of the adsorption system and 
operating cost for the replacement activated carbon. (Utility costs, for energy and water, are an 
additional consideration for regenerable systems.) 

Finally the predicted exhaustion rates are usually in units of bed volumes treated to an effluent 
treatment objective, which can be a percentageof the influent concentrationor it can be an absolute 
concentrationlevel. This exhaustion rate determines the absolute operating cost of the system and 
the change-out or replacement frequency of the activated carbon in the column. The operating cost 
derived from the exhaustion rate, can be compared directly to costs of alternate technologies. 

111. SOURCES OF ERROR 
Accuracy of these methods is highly dependent on complexity and consistency of the stream, the 
ideality of the components, and the definition of the treatment objectives. The following discussion 
is not a statistical error analysis, but the relative assessment of the greatest sources of error based on 
experience running performance prediction calculations for general gas-phase and liquid-phase 
environmental applications. Table 1 lists a description of the various sources of uncertainty, and 
the relative importance of the contribution to the overall error of the performance predictions. 

A. SINGLE COMPONENT ISOTHERM MEASUREMENT AND PREDICTION 
The multicomponentadsorptionmodels must also predict the original single component isotherms. 
Any errors due to oversimplification, when approximating single component behavior are 
incorporated in the single component prediction and carried over to the multicomponent case. 
Several examples of the levels of errors for single component predictions are listed in Table 2 for 
the Polanyi approach. 

Major sources of error for the single component predictions are as follows. 
1. Inaccuracies in the isotherm test or measurement - equilibrium was not attained, the carbon 
temperature was not controlledor measured, or the analytical errors were magnified by calculating 
the adsorption as a small difference between two large measurements. 
2. Carbon samples were not representative - samples were contaminated (solvent vapors from the 
lab), out-of-dateand no longer representativeof the commercial activated carbon, or highly oxidized 
which can modify the pore structure. 
3. A known isotherm was substituted for an unknown component - using an isotherm for an isomer 
of the adsorbate, for an adsorbate with similar molecular structures, or for an adsorbate with similar 
molecular formula and weight. 
4. Selection of a single component adsorption theory - Polanyi and IAS can both assume a 
characteristiccurve shape, necessary to be practical, but significantly decreases the accuracy of the 
predictions. 

B. MULTICOMPONENT ISOTHERM PREDICTION THEORY 
Most ofthe errors are due to the inherent assumptionsof the theories." Typical errors for common 
components are smaller than the single component values in Table 3, but exceptional errors can 
magnify theoretical shortcomings and become quite large. Thus, the multicomponent errors 
primarily reduce the reliability of the performance prediction. 

Major sources of error for the multicomponent predictions are as follows. 
1. Choice of the multicomponent theory - in some simple cases the Polanyi and IAS theories are 
mathematically identical, but for the general case the simple Polanyi approach is less accurate than 
the IAS, which is less accurate than the Polanyi with the Hansen-Fackler m~dification.'~ 
2. Breakdowns of the basic assumptions (sometimesthe effects can be corrected for by adjusting the 
single component isotherm15), for example: 
Volume-based competition - in rare instances molecular shape can affect the volume competition. 
Molecular sieving - becomes significant specifically with large molecules and can affect competitim 
in the smaller pores. 
Chemisorption - nonideal systems involving highly polar or reactive species can have additional 
specific interactions, such as hydrogen bonding, polar interactions, dimer formation, etc. 
Bulk behavior in the pores - unique characteristicsobseredonly when the molecule is an adsorbate, 
usually due to a configuration or interaction due to the carbon structure. 
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C. PROBLEM DEFINITION 
The two biggest concerns for accurate performance prediction are a precise identification of the 
background components and definition of the treatment objective. Vaguely defined background 
components (TOC, BOD, COD) and unknown or nondetectatie compounds would add uncertainty 
to the prediction even if the calculation method was perfect. Empirical means of classifying the 
competitiveeffectsof backgroundcomponentsexist, even when the componentsare not well defined 
or detectable.16 However, these methods can be difficult to cany out and are only approximations. 

The definition of the treatment objective also can contribute to uncertainty in the performance 
prediction when defined vaguely using terms like TOC, BOD, COD, non detectable, color, or odor. 
To compute adsorptive performance, all treatment objectives must be translated to absolute 
concentration levels for specific individual components for computation. Occasionally, the 
computation is run once just to learn the order of elution of the contaminants, which is used to decide 
which eluting componentexceeds the treatment objective. The objective is redefined as an absolute 
concentration of that critical component and the computation is repeated. Table 2 lists treatment 
objectivedefinitions and how to convert them to a usable form, and their effect on the accuracy of 
the results. 

D. MODELING THE ADSORPTION SYSTEM 
Other inaccuraciesin the predictions are modeling of the adsorption kinetics and choice of models 
for the columndynamics(adsorbent bands, theoretical plates, etc.). These errors are not as critical 
for well designed commercial adsorption systems, where the carbon utilization is greater than 80% 
(the mass transfer zone of the early eluting components is less than 20% of the column). 
Consequently,the error contributiondue to the kinetic model or the column dynamics is generally 
less than that of the single component isotherm approximations. The exception is for poorly 
designed systems with shallow beds and high linear velocities, or systems that involve a complex 
regeneration scheme. 

Iv. STATE-OF-THE-ART OF ADSORPTIVE PERFORMANCE PREDICTION 
We should neither be satisfied nor be despondent over the previous discussion of current 
performance predictionmethods. The methods are useful evaluation tools, although they fall short 
of OUT goals for environmental applications, and the situation can only improve to the future. 

A. WHAT CURRENTLY CAN BE DONE ACCURATELY 
The existing techniques have inherent errors due to simplifying assumptions that are necessary to 
make them easier to use. However, these techniques are adequate for making gross comparisons of 
technologies or relative performance comparisons for activated carbon product selection. 
1. Relative comuarison of different carbons 
Many major errors in predicting adsorption isotherms cancel when making relative performance 
comparisons under identical conditions and stream compositions. This is often the case when trying 
to identify the optimal activated carbon for a specific application. Performance of several different 
carbon structures can be compared to select the activated carbon product with the optimum 
performance or price-performance ratio. The absolute performance may not be accurate, but if the 
same errors were reproduced for each carbon, then selecting the best performing carbon is still 
possible. 
2. Comparison of carbon adsorption to alternative technolopies 
When comparing activated carbon adsorption to alternative technologies for environmental 

cleanups, generally differences in performance are large, or gross assumptions had to be made to 
equate the dissimilar systems. Consequently, the size of these errors is insignificant compared to 
the differences in performance or the errors introduced by the gross assumptions. When the 
performance (or price-performane ratio) of carbon adsorption and another technology are similar, 
the prediction errors can become significant. In this situation, however, the proper conclusion 
should be that both technologies are equal and no real performance differentiation exists. In these 
cases, the selection of the best technology will usually be dictated by capital-operating cost ratios, 
system size, available utilities, or engineering preferences. 
3.  Desc r ib inwera l  beha vior of activated carbon columns 
The existing models are also useful in “what if‘scenarios. Because the Polanyi and IAS approaches 
have a basis in thermodynamics,many fundamental principals are incorporated in the computations 
Consequently, the methods will extrapolate to extreme conditions and predicted behavior of the 
system under upset conditions. 

For example, they can approximatethe effects of spikes in the influent concentration during upsets, 
or spills and dips in concentration during shutdowns (loss of the contaminant source). The bed 
volumes a carbon system can treat during a spike are always greaterthan the bed volumes that would 
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have been treated if the same amount of contaminant had been introduced at the average influent 
concentration. In terms of mass of contaminant removed per mass of carbon, the spike improved 
performance. However, the benefit of the spike, a band within the column with more heavily loaded 
carbon, decreases with additional bed volumes treated after the spike occurs due to dilution and 
spreading of this band. Thus the benefit of a spike is least for a fresh column and greatest for a 
column that was nearing exhaustion. 

The situation is different for dips in concentration (disappearance of contaminants). The bed 
volumes a carbon system can treat during a dip are greater than the bed volumes that would have 
been treated if the dip had not occurred. As for bed volumes treated, the dip improves performance 
and the life of the carbon. Desorptionof the contaminant-loaded carbon does occur, but this is less 
important than the decrease in influent concentration. With a dip in concentration, contaminants 
were removed or not added upstream, which reduces the requirements on the carbon system more 
than the negative effects of extraction or desorption. However, the benefit of the dip is not realized 
unless the influent retums to its previous concentrations and the carbon system has the opportunity 
to treat additional bed volumes of contaminated influent. Thus the benefit is greatest for a fresh 
column and is least for columns nearing exhaustion. 

B. WHAT CURRENTLY CANNOT BE DONE 

For most all real-world environmetdal applications, today’s performance prediction techniques are 
inadequate for making cost guarantees or for determining minor improvementsdue that would result 
from evolutionary changes in equipment design. 
1. Cost e uarantees 
The average error levels are small enough, and their effect could be incorporated into cost guarantees 
by conservatively adjusting the specified performance by several standard deviations. Problems 
arise due to the uncertainty of when the basic assumptions of the theories breakdown. The effects 
of these breakdowns can be large errors and represent an incalculable risk to business. Rough cost 
estimates can be made for comparison purposes, which are generally useful for making a decision 
to investigate carbon adsorption further. 
2. Enpineering desi= 
For engineeringdesign, the computations are useful only for relative sizing or selecting equipment 
from a catalog list. The computational errors are simply too large to measure improvements in 
performancedue to refinements in dcsigns, for example improved adsorbets flow patterns, optimal 
height to diameter (H/D) ratios, or inlet/outlet nozzle patterns. In these situations the design changes 
will only slightly affect performance and the effect is often less than the error in the calculations. 
Also effects of particulate and suspended matter cannot be considered, which often dictate design. 

Computations with theoretical models are not yet substitutes for on-site, pilot-scale, column 
simulationtests. This is especially true when the stream and the treatment objectives, or even the 
background components, are defined vaguely (using color, odor, TOC, BOD, COD, or 
nondetectable). 

3. p 

c. WHAT CAN BE DONE TO IMPROVED THE PREDlCrlON OF ADSORPTIVE PERFORMANCE? 
The simplest way to improve the accuracy of any computational method is to incorporate more 
empiricism or empirically derived variables. However, the approach must also be practical as for 
data required. Some errors are inherent in the simplifying assumptions required to reduce the 
amount of empirical data required for performance prediction. For example, the presumption of a 
characteristiccurve greatly reduces the amount of single component isotherm data required, but also 
is a major contributorto error. The following are several things that could be done now to improve 
the accuracy of the predictions in a practical manner. 
1. Standardized activated carbon samoles 
Isothermdadsorptiondata needs to be generated on standard carbons - even commercial carbons of 
one name change over the years. Carbons should have published carbon characterization curves or 
an isotherm with a single known component with data ranging more than five orders of magnitude 
in concentration or in partial pressure. 
2. A handbook on a dsorption charactenstics 
Accurate single component isotherm data on a wider variety of contaminants over a broader range 

of temperatures is needed on standard activated carbon samples with known characteristic curves. 
With this data the empirical adsorbate characteristics can be determined and then assembled in a 
handbook. 
3. Additional real-world exDerienca 
Comparing more results from real world adsorption systems versus the best theoretical predictions 
increases the confidence in the reliability of the basic assumptions of the adsorption theories. 
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Eventually we may learn how to approximate backgrounds empirically and predict the breakdown 
of theories. We may reassess the relative importance of sources of error of existing models and 
direct the theoretical and empirical work being done on adsorption on activated carbon to improve 
the current situation. 
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Table 1 Relatlve 1mr)ortence of the Dlllerent Sources of Errors 

Sources 01 Error In Adsorptlon Calculatlons 

Analytlcel Errors In measurement 
Carbon sample not representative 
Substitution 01 an known Isotherm for an unknown componenl 
Selection of theorytlechnlque 

Cholce 01 lheoiy IAS vs. Polanyl 
Volume-based compelltlon 
lnleracllons end accessabllily 
Bulk behavior In the pores 

Selection 01 the Kinetic approaches 
Cholce of Models lor Column dynarnlcs 

Stream Composition ~ crllical and background components end concenlratlon 
Background components and nondeteclable compounds 
Traatmenl Objectives deflned vaguely (nondetedsble) 
Nonspecific Test Objective (TOC. BOD, COD, eto.) 
Temperature - (wllhin each carbon particle. through-out the bed) 
Flow rale - Linear veloclly/mass flow and 11s varlabllily 
Varlablllty 01 concenlratlon and cornposillon, 
Complex Schemes-Regenerallon processes 

' For well-deslgned adsorption systems with MTZ<2O% of column 

M u u h i Q m P  - 
Potenllal lor 

~yplcal Error Lnrge Errw In 
Contrlbullon Speclal Cases 

<lo% N O  
<20% Yes 

1010100% Yes 
0 to 100% Slight 

0 to 100% Yes 
CloO/o Slight 

0 to 100% Yes 
40% Sltght 

<20%' No 
<2047* No 

Yes lotoloo% 
50 to 500% Yes 

<20% Sllght 
10 to 100% Sllght 

<20% No 
<lo%' No 

No 
Yes 

10 to 100% 
20 to 200% 

Teble 2 Errors In Slngla Component Predlctlons 

Average 
Devletlon & 

% % Error % Error 

M m d  0 n C . e S  275.6% 1082% -1 1.1% 
Tc4lno 0121c 6.7% 34.7%. -6.4% 
Tdmamylwlane 0117C -61.5% 5.2% -84.2% 

l.4- - 
P U l l W  025c 4.9% 21.6% -19.2% 
0 e N a n l ! d O  02% 1.007 12.0% -10.1% 
oPhUmoC add 025C -0.5% 8.2% -14.007 

Cancentratlan 
Wh W 
ppm ppm 

3461 387 
45 0.066 
50 0.068 

13800 1 1  
9970 160 
1990 3.9 

No. 
tllah W 01 

cdi00g.cerbon Polnls 

7.4 0.146 6 C h r n b p m n a t b w ! a & p  
5.24 0.494 5 FIIUngdura~Ie,blk- 
9.36 0.153 16 b.u-brllsvh~ 

* nagatlve error means the aclual maasuremanl was less than the predicted value 

Table 3 Contrlbullone lo Errore In Cornpullng Breakthrough Llmlts 

RmnldhmVghCriterlan Exam- 

w ~ w - v  
2 % BreakthrougWremoval 89% removal 01 CHCl3 I l + I M c P u r ( t c y d l ~ a l ~ ~ I ~ h  
3 Non Detectable Nondetectable CHC13 r1,AMtyWl emInhny~pmnd ma11.nnou 

5 1b.emlsslons per month 10 Ib.hydrecarbons per month llmlt ~ + ~ ~ ~ t e b n a ~ ~ ~ u g h m m a y l l l l - , , , ~ m  

100 ppm TOC 14 WaUUe wdOmCnp IscloR lw .MlmvIN lo IeM(rOC1 
r 4 . r * . ~ ~ m p w n a r F l D ~ w p ,  7 Total Combustibles (by FID) 1 ppm Hydrocarbon as propane 

8 Nonmelhane hydrocarbon 1 pprn nonmethane hydrocarbon 17 + - o t t m m d # m &  . __. 9 GOD 
10 BOD 
11 Color 
12 Taste or Odor 

100 pprn COD 
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Introduction 

New air quality control regulations and economics are causing h e  development of new devices or Me 
optimization of existing technologies for control of toxic emissions from industrial sources. Toxic chemicals 818 
emiIIed into the almosphere from facilities within the United States at a rate of 1 .lxl l? kgtyear [I]. Volatile 
organic wntaminents (VOCs) account for 47%. and nowhalogenated VOCs acwunt for 36% of these toxic 
emissions 111. For these emissions, under the 1990 Clean Air Act Amendments (CAAA). Me United States 
Environmental Protection Agency (USEPA) should establish maximum achievable control technology (MACT) 
standards. MACT standards are based on best control technologies that offer the maximum degree of 
emission conhol[2]. MACT will have important effects on specific VOC sources within the next eight years 
because all MACT standards are required to be promulgated by 15 November 2000. and a source subjected 
to MACT standards must achieve compliance within three years of promulgation of the standards. Sources 
mal must comply with the new VOC standards are related to food processing. wastewater treahnent. 
electronic manufacturing. petroleum refining. petrochemical manufacturing. asphalt production. pharmaceutical 
industry, polymer and resin manufacturing. solvent production, and dry cleaning industry. 

Based on an economic and engineering study about VOC control technologies [3]. fl the VOCs have a value > 
f0.66lkg then carbon adsorption and vapor recovery should be considered. Dyer and Mulholland 131 indicated 
lhat carbon adsorption is the most cost effective technology for gas flow rates > 1,000 scfm and VOC 
concentrations > 500 ppmv. Moreover, variable fbw rates and variable VOC concentrations are not dlsNptive 
for carbon adsorber performance 141. and they do not produce secondary pollutants. But. conventional carbon 
adsorbers can achieve recovery efficiencies up to 98% which may not be sufficient for MACT standards. 

New carbon adsorption recovery systems can be developed that achieve higher recovery efficiencies while 
providing better economical and technical advantages over existing ones. For this purpose. we have 
developed a new activated carbon cloth (ACC) adsorption system that has been integrated with electrothermal 
desorption and cryogenic condensation lo reduce Vle amounts of VOC emissions to MACT standards and 
provide for reuse of the VOCs that are recovered. 

In this system liquid nitrogen (LN2) is used as the required refrigerant. LN2 can reduce VOC emission 
mncentrations to ppbv levels due to its high cooling capacity and low temperature. One advantage of the LN2 
system compared to olher refrigeration systems is the multiple use of LN2.' First. the waling capacity of LN2 
IS used to condense VOCs. Then. the evaporated I'r, can be used for other process needs such as inerting 
and safety blanketing. Another advantage of LN2 refrigeration over conventional mechanical condensation 
Systems is the absence of moving parts such as compressors. But. LN2 consumption rate is high for typical 
industrial effluent concentrations. The emuent VOC concentrations are typically 4% by volume due to the 
limitations caused by their lower explosion limits. Ideal LN2 consumption (minimum mass of LN2 required per 
unit mass of VOC recovered in an isolated thermodynamical system) is linearly related to me inverse of the 
VOC concentration (Figure 1). If the VOC concentration can be increased. then LN2 consumption can be 
decreased. This is due to the fact that some portion of the cooling capacity transfers to the noncondensible 
carrier gas. Therefore. ACC adsorption technology is used to preconcentrate the effluent VOCs for an 
efkient vapor recovery. 

In the developed system. ACC adsorption is followed by electrothermal regeneration resulting in formation of a 
Wncentrated organic vapor which is cryogenically condensed from the gas phase. Eleclrothermal desorption 
allows for optimizing the desorption time end the concentration profile of the desorbed VOC to allow minimal 
use of cryogen. This system can enable VOC sources to meet air quality control regulations while providing e 
high quality liquid VOC product for reuse. 

Description of the laboratory scale system 

The laboratory scale ACC adsorptionayogenic vapor recovery system is presented in Figure 2. Sample gas 
is generated by passing ultra-high purity (UHP) N, gas thmugh VOC liquid and saturating the gas stream. The 
saturated stream is then mixed with the second pure N, Stream lo produce a gas sample with desired VOC 
concentration and total flow rate. The sample gas generation system is calibrated using a gas 
chromatograph/mass spectrometer (GCIMS, Hewiatt Peckard GC 5890 and MS 5971). e gas 
chromatographmame ionization detector (GCIFID. Hewien Packard GC 5830A). UHP N, gas and e Matheson 
calibrated VOC gas mixiwe. The calibrated gas stream passes through the fixed bed of ACC. where the 
organic material is separated from the carrier gas by adsorption. After breaMhrough of VOC from the futed 
bed, pure N, gas is passed through the adsorption bed and electrical power is supplied to the ACC. Electrical 
energy regenerates the adsorption capacity of the ACC and provides a gas stream containing desorbedad 
VOC. VOC concentration in the N, canier gas is controlled by the supplied electrical power and the flow rate 
of Re carrier gas. The concentrated vapor stream is then directed to a Custom shell-and-tube cryogenic 
condenser where the VOC is condensed on the condensets internal cold surfaces. The condensed VOC is 
transferred from the bonom of the condenser into an Erlenmeyer flask. 
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Actlvated Carbon Cloth Adsorbent 

ACC. which is made of woven activated carbon fibers (ACFs). is an efficient adsorbent to separate VOCs from 
gas streams. Compared with activated carbon pellets (ACPs). granular activated carbons (GACs) or powder 
activated carbons (PACs). ACCs have a higher contact efficiency. higher specific surface area for a higher 
specific pore volume, 10 to 100 times faster adsorption and desorption rates 151. These properties are mainly 
due to the existence of no macropores. no or lime mesopore volume, and more uniform distribution of 
micmpores from me external surface to the core of fiber 161. ACC's rapid adsorption and desorption rates can 
reduce the required process cycle time and increase the bed adsorption capacity by reducing the length of 
mass transfer zone (MTZ). Due to its cloth form, ACC can be installed in different configurational forms inside 
fixed beds providing different adsorption and desorption performance as well as speciflc pressure drop (Pdgm 
adsorption). Suitability for in-situ electrothermal regeneration and easy handling are other advantages of 
ACC. 

ACC samples were obtained from American Kynol. a subsidiary of Nippon Kynol. located in Pleasanhrille. NY. 
Kynol's ACCs are made of novoloid fibers (polymerized Mss-linked phenolic-aldehyde fibers). Novoloid fitBrs 
have an amorphous network structure containing 76% carbon, 18% oxygen, and 6% hydrogen (91. These 
fibers are woven by conventional textile techniques to produce a novoloid cloth. The cloth is then carbonized 
and activated in an 0, free atmosphere using Steam or C02 at 900 'C in a one step process to produce ACC. 
Carbon content of ACC is typically 95% with oxygen and hydrogen contents of 4% and 0.7%. respeclively 
[lo]. Pore volume and pore size of the ACC inuease with increasing duration of activation. The resulting 
micropores are slit shaped and remain uniform from the external surfaca to the core of the fiber 161. 

Kynoln" ACC-5092-20 was identified as a suitable ACC adsorbent far the VOC wncantrstmn range af 
industrial emissions (in the order of 1 % by volume). ACC-5092-20 have a higher adsorption capacity than the 
other Kynol's ACCs for 1% by volume concentration of the VOCs considered for the system evaluation tests 
(acelone, methyl ethyl ketone and toluene). This is mainly due lo the existence of a high specific pore volume 
and high volume ratio for pore widths in the supermicro. transitional rang, and mesopores close to the 
transitional range. SEM micrographs of the ACC sample are provided in Figure 3. Mesopores and 
transitional micropores can be seen from the SEM micrograph of me ACC'S fiber cross section. The 
cumulative pore size distribution of the ACC sample in comparison with some other adsorbents is given in 
Figure 4. Speclfic surface area and micropore volume of ACC-5092-20 were measured with a Micmmeritics 
ASAP 2400 using nitrogen at liquid nitrogen temperature. The BET specific surface area of the sample was 
1592 m'lg. The specific micropore volume was 0.69 un'lg. 

Fixed Bed of Activated Carbon Cloth 

In the fixed bed ACC layers are installed in parallel to each other in a a o s s  flow fashion. This allows for 
flexibility in effective adsoption bed lenglh and apparent ACC density. With a 1.14 mm separation distance 
between each layer, an apparent ACC bed density of 94.5 m g / d  results. The bed packing density can be 
increased to 800 mg/un' (0.47 total porosity). In the fixed bed, the ACC layers are connected electrically in 
parallel in three separate modules. The modules are connected electrically in series. The resulting circuit is 
mnnected to eleclmdes of a 120 V a.c. source controlled by a Variac. This arrangement is expected to result 
in uniform electrical heating and carefully controlled VOC desorption. 

Electrothermal Regeneration of Activated Carbon Cloth 

In electrothermal regeneration process an electric current is passed through lhe fibers. Electrical work due to 
phonon and defect scattering 11 11 in ACC is directly transformed to thermal energy in the ACC and the 
adsorbed VOC. By the continuous flow of electric current. the thermal energy of the adsorbed molecules 
increase to a level that overcome the surface bonding energy, and the VOC desorbs from h e  ACC. Since 
electrical work is transformed to desorption energy directly. the carrier gas temperature can be substantially 
lower than the ACC temperature. The temperature gradient along the bed is positive. and along the fiber 
radius is negative (or zero, depending on the value of fiber Biot number). In conventional thermal desorption 
methods, me temperature gradient along the bed is negative and along the fiber radius is posilive. These 
effects cause positive desorption rate contributions for electrothermal desorption due to the heat transfer. 
Soret effect and pore effusion. While. mass transfer contributions are negative for conventional lhermal 
desorption methods. Therefore, electrolhermal regeneration should have higher energy efficiency compared 
to conventional thermal regeneration methods. Another advantage of electrothermal desorption is mat the 
energy transfer rate can be very high and controlled easily. This enables careiul conlrvl of desorption time 
and effluent VOC concentration profile for a better cryogenic recovery. 

Results and Discussion 

The laboratory-scale fixed bed configuration was used to measure breakthrough curves. For each 
breakthrough test. total gas flow rate through the bed was 5 slpm. VOC concentration of the inlet gas slream 
was measured before passing though the Wed bed. Gas phase VOC in the bed was sampled from the 
sampling ports along the beds length and analyzed intermittenuy using the GCNS and continuously using 
GClFlD (Figure 2). Sample results for MTZ distribution wrves describing how acetone concentration 
changed with time and location within the bed are presented in Figures 5. Breaklhrough time was 75 min 
when using three ACC modules containing 27.05 g ACC and a packing density of 94.5 mg/urr'. Breaklhmugh 
was followed by a saturation time of 58.5 min. Saturation time is deRned as the time required for me effluent 
concentration (C,) to increase from 5% to 95% its inlet concentration (Ch). 

The breakthrough curve for the bed OUUet exhibit an standard diffusion mass transfer limited behavior in the 
form of. C, = C, (1 + exp[K(! - l)lr' where I' is the stoichiometric time (time for C,=W C. or t=W& F. 
where W. is bed VOC adsorpbon capacity at C. and F is the total gas flow rate), and K is a constant Mat 
depends on lhe effective diffusion resistance of the MTZ. From these results. dynamic adsorption capacity of 
the ACC for 1% by volume acetone is 456 mg/g or 0.581 d / g .  Equilibrium isotherm for adsorption and 
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desorption of acetone and ACC-5092-20 can be classified as BDDT type IV isotherm. Due to capillary 
condensation in mesopores. the isotherm has a hysteresis region at high concentratbn values. The 
equilibrium micmpore adsorption and capillary condensation capadties ofthe ACC for 1% by volume BWtOne 
were measured to be 401 mug and 93.6 mug. respectively. 

Effed of packing density on adsorption dynamic is presented in Figure 6. An smaller packing density results 
a shorter breakthrough time and a larger MTZ due to axial dispersion and mixing effecls. Increasing packing 
density from 94.5 mglcm' to 450 mglcm' increases the breakthrough time from 75 min to 91.7 min. Since a 
higher packing density produces a larger pressure drop. it is possible to find an optimum set of packing density 
and pressure drop for a minimum cost. 

Regeneration tests for a saturated fixed bed of ACC were performed to evaluate the effect of applied electrical 
power (Figure 7). N, gas flow rata through the bad was controlled at 1 slpm for three tests and 0.5 slpm for 
two tests. Elecbical voltage for each test was set at select velues to observe the e W  of applied electrical 
power profile on the resulting effluent VOC wncentration and bed temperature profiles. EfAuent maximum 
VOC concentrations during desorption range from 18% to 63% by volume. VOC concentration profile end 
desorption time IS readily conbolled by carrier gas I%W rate and applied elecbicel pwer. Increasing VOC 
concentration was observed with decreasing carrier gas flow rate and increasing applied power. In all We 
tests. mor8 then 75% of the ad- acetone was regenerated at a bulk gas temperature of < B0"C and an 
effluent concentration of > 10% by volume. Low resulted bulk gas temperature is indicative of an efficient 
energy transfer. Effect of generated high effluent concentration values on improvement of LN2 consumption 
and amount of vapor recovery can be examined from Figure 1. Moreover, the high effluent concentrations 
enable the uyogenic condenser to operate at warmer temperatures while achieving high recovery efficiencies. 

ClyogeniC vapor recovery efforts are discussed in the next paper 1121 

- 

', 

I, 

Concluslons 

A novel activated carbon cloth (ACC) adsorptionlelectrothermal ragenerationlayogenic system was 
developed to separate, concentrate and recover volatile organic contaminants from industrial gas streams. 
ACC demonstrates good performance characteristics due to its high contact efficiency. high adsorption 
capacjty. and ease in handling. Electrothermal regeneration provided fast desorption rates and efiicienl 
energy transfer. Electrothermal regeneration concentrated VOC vapors up to 63% by volume without 
optimization. Concentrating the gas stream, drastically reduces the amount of cryogen required to condense 
the VOC from the gas stream and enables the condenser to operate at warmer temperatures while achieving 
a high recovery emciency. 
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VOC Recovery, Ctyogenic Condensation. Gas Cleanup Keywords: 

lntroductlon 

Both the magnitude and toxicity of emissions of volatile organic compounds (VOCs) have led to public 
health concam and recent government regulations to reduce VOC emissions. VoCs are a part of the 1.1 x 
109 kg of toxic chemicals released into the atmosphere from point sources within the Unied States in 
1990 111. VOCs appearing on the list of 189 hazardous air pollutants (HAPS) accounted for 4 5  x lo8 kslyr 
of emissions to the atmosphere 111. Many of these todc chemicals cause chronic and acute health effects, 
including cancer [Z]. 

The 1990 Clean Air Act Amendments (CAAAs) established technology-based guidelines for the reduction 
of VOC emissions to the atmosphere from point sources 131. Under Title I of these amendments. USEPA 
is required to establish reasonable achievable control tedrnology (RACT) standards for point source VOC 
emissions in ozone related non-attainment areas. Furthermore, Titie 111 requires USEPA to establish 
maximum achievable control technology (MACT) standards for point source emissions of 189 HAPS, many 
of which are considered VOCs. HAP emission standards for point sources based on MACT must be 
promulgated by November 15, 2000. Sources regulated under Title IIi must meet permit repuirements 
withln three years of promulgation. 

Point source VOC emission reduction is generally accomplished by process modification and/or utilization 
of anallruy control devices [4]. Process modiiication is generally the most economical method of reducing 
VOC emissions. Further reduction of VOC emissions require the addition of Control devices along the 
waste stream. 

The seven most widely used control devices that remove VOCs from gas streams are: 1) thermal 
incinerators. 2) catalytic incinerators, 3) flares, 4) bdlers/process heaters. 5) cafbon adsorbers, 6) 
absorbers and 7) condensers [5] (Table 1). 

Control VOC Row Rate Capital Annual Removal Advantages Disadvantages 
Device Content (scfm) Cost Cost 1993 Efficiency 

Themral 1002ooo' loooto $loto $1510 95-88+% UptogS% Hahenated 
Incinerator 5co.ooO 450/cfm 1501clm energy compounds 

recovery may require 

Table 1. Control devices commercially available for VOC removal from effluent gas streams 141. 

(ppmv) 1893 

additional 
control 

Catalytic 100-2ooO' 1001 to $2010 $1010 80-95% Upto70% Catalyst 
Incinerator 1 0 0 . ~  25O/chn 9Olcfm energy poisoning 

Flare 151 -2.ooo.000 >88% voc Low henting 

emission auxiliary fuel 
condifions 

recovery 

Steam destruction of value VDC 
assisted variable requires 

Boiler IS] Steady >a% Supplement Variations mav 
fuel effect process 

Carbon 20-5oW' looto $1510 $loto 80-96% Vaporrecuvery. . HighRHmay 
Adsorber 60,000 12Olcfm 35/cfm Pre- lower ca~acitv. 

Concentrator Pore fouling 

100,ooo 70/cfm 1201cfm Liquid waste 

20,000 6Olclm 120kfm, Liquid weste 

Absorber 500-5MX) -to S15to $2510 8598% Vaporrecovery Scale bubld-up. 

Condenser >5ooo loDto $ l o b  W t o  50-80% Vapor recovery Scale build-up. 

* 4 5 %  of lower explosion limit; RH is relative humidity 

In this paper, discussion will primarily perlain cryogenic condensation of VOCs during regeneration of a 
carbon adsorber used to concentrate VOCs in effluent gas streams. Condensation of VOCs is especially 
applicable when recovsry and reuse of the VOC in the process stream is econwnicaily bneliaai. 
Recovery should be considered when a relatively pure Condensate with a monetary value > $0.66/kg can 
be recovered 161. 

Adsorption has been used often as a preconcentrator in conjunction with other control devices. This is 
espedally applicable to condensers as wiii be discussed here. Carbon adswbers can remove VOCs from 
relatively low vapor concentration and high flow rate gas streams and desorb at high vapor concentration 
and low gas flow rates, where condensers operate more effiaently. High inlet VOC concentrations for 
condensers yield higher removal effidendes and require lower refrigerant flow rates. thus lowering 
operating Costs. Low gas flow rates require less condensable surface by increasing residence time, again 
lowering capRal costs. Lower gas flow rates also require less refrigerant to cool the carrier gas. 

Deslgn of Contact Condensere 

Two general types of condensers are commercially available, direct contact and indirect contact m. Direct 
contact condensers mix the refrigerant with the process gas stream. Heat is more efficiently exchanged 
due to the intimate contact between the refrigerant and VOC. Direct contact condensation is typically 
simpler. less emnsive to install and reauires less audliarv eauiDment 171. However. the refriperant is , 
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mixed with the process stream. This may prevent refrigerant recycling andlor cause contamination of the 
refrigerant. Indirect contact condensers utilize a physical barrier across which only heat k exchanged 
between the refrigerant and the process gas stream Heat exchange is therefore less efficient in indirect 
methods. Keeping the refrigerant separate from the process gas stream albws for refrigerant TB-US~. This 
is benefiki if the refrigerant undergoes a cyclic mechanical refrigeration process. lndired contact 
condensers typically cost more and are more complicated to design and operate [q. Because of the 
indirect contactor's advantages, however, it is the most mmmon type of condenser in air pollution mntrol 
applications 151 

Rsfrlgeranta 

The most common refrigerant used in pollutant removal condensers is water 151. Water is inexpensive and 
easy to handle. However, because the condenser temperature is limited by the refrigerant temperature, 
cooling water results in low removal efficiendes for many VOCs (Table 2). Removal effidencies were 
determined from the reduction of a 10% acetone stream to the equilibrium saturation vapor concentration 
For applications where the process stream needs to be cooled below ambient temperatures. the use of 
cooling water typically requires auxiliary equipment to chill the water prior to use. 

Ethylene glycol and water mixtures are also commonly used refrigerants [SI. L o w  operating tempratures 
can be achieved with this mixture than for pure water, thereby lowering the effluent VOC wncentration and 
recovering more condensate. Ethylene glycol water mixtures are exdusively used with indirect contad 
condensers to prevent ethylene glycol losses to the effluent gas stream [E]. Auxiliary equipment is 
needed to cool the mixture to temperatures below the ambient temperature. 

clquid nitrogen (LNZ) retngerant can provide a wMe range of condenser temperatures because a 
conlrolled LN2 tlow rate can be delivered to the condenser Furthermore, because LN2 undergoes a 
phase change in the condenser. both the enthalpy of vaporization and specific heat change provide 
cooling capacity. The use of LN2 as a refrigerant generally requires a vacuum jacketed storage vessel and 
well insulated or vawum jacketed delivery lines. However. auxiliary cooling equipment is not necessary. as 
the refrigerant is available in liquld form from commerdal sources. The LN2 can be used In dired of mdirecl 
contactors After it passes through the condenser. the vaporized nitrogen refrigerant can be used as a 
blanket gas in process streams or as a purge stream during desorption il an adsorber is used as a pre 
concentrator The gaseous nitrogen refrigerant waste stream can be used during desorption as a purge 
stream to prevent explosive hazards and reduce moisture levek. normally present in air purge streams, that 
may foul the condenser 

Acetone Methyl Ethyl Tdoerm 
Ketone 

Saturation' Saturation' Saturation' 
Operabng Vapor Removal Vapor Removal Vapor Removal 

Retngerant Temperature Concentration Eniciency Concantration Eniciency Concentration Efliciency 
(K) (pprnv) (%) (ppmv) (%) (pprnv) (%) 

Water 278 to2 ooo 0 4owo 60 5500 94 

200 3M) gg, 70 6% 2 m+ 
determined from the Wagner equation [9] 

Experimental Design 

Our research efforts have focused on developing. testing and evaluating the integration of cryogenic 
condensation with carbon adsorption. Regeneration of the carbon adsorber provides a concentrated 
vapor stream at a low gas flow rate which is then sent to the condenser. Using the adsorber as a we- 
concentrator improves the operating efficiency of the condenser by increasing removal effiiency and 
decreasing refrigerant consumption. LN2 was used as the refrigerant due to its' low achlevable 
temperature range and possible re-use capabilities 

A 1% by volume acetone in nitrogen gas Stream was passed through an activated carbon doth fixed bed at 
5 slpm (Figure 1). The adsorbent ACC-5092-20 was manufadured by American Kynd? Nitrogen BET 
spedfic surface area is 1592 d / g ,  and its' micropore volume is 0.69 m3/g  (101. Apparent ACC bed 
density is 94.5 mglcm3. Equilibrium adsorption capacity of the ACC was found to be 456 mg/g for 1% 
acetone in nitrogen [IO]. 

The ACC was electrothermally regenerated by applying an ac. voltage across the doth. The temperature 
of the ACC surface was controlled by the voltage. Acetone concentration in the adsorber's effluent was 
controlled by the bed's temperature and flow rate Of nitrogen Carrier gas. During regeneration, acetone 
concentrations greater than W h  by volume were achieved at nitrogen gas flow rates of 0.5 slpm 1111. 

A copper shell-and-tube indirect contactor was used to condense the concentrated acetone onto the 
surface walls. The concentrated vapor stream was passed between the condenser tube and the outside 
shell. The total condensing surface area was 1241 an2. LN2 was introduced at the condenser tube inlet 
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counter current to the vapor laden gas stream. LN2 was also circulated through 1B in. copper tube coil 
jacket wound around the outside shell of the condenser. LN2 was delivered with a Cryofab self- 
pressurizing dewar model CFPB25-115. The temperature of the condenser was controlled by the liquid 
flow rate of LN2. The flow rate of LN2. in tum, was contrdled by Re pressure of the dewar and by an Asco 
Red-Hat ayogenic sobnoid valve. The vapor laden gas stream temperature was monitored using type T 
thermocoudes at the condenser inlet. mid-wint and outlet. The nitrwen refriaerant flow rate was also 
monitored i t  the outlet of the condenser using a BIOS DC-2 DRY C A i  in m t i w o u s  operation Inlet and 
outlet vapor concentrations were monitored by analyzing 150 PI syringe samges with a Hewlett-Packard 
GCNS (GC 5890 Series 11,5971 MS) 

Results and Discussion 

The ACC fixed bed was integrated with the cryogenlc condenser to test acetone removal with 
condensation. A 1% acetone in nitrogen vapor stream at 5 slpm was passed through the bed at ambient 
temperatures. At breakthrough. the acetone was desorbed at 1 slpm nitrogen purge stream. The 
desorbed stream was sent directly to the pre-cooled condenser at ambient temperature and ambient 
pressure. The condenser log-mean operating temperalure was 220 f 9 K and was at ambient pressure. 
The acetone vapor concentration at the condenser outlet remained low and fairly constant throughout the 
desorption cyde (Figure 2). At desorption times between 150 sec. and lo00 sec., the desorbed acetone 
concentration was greater than the equilibrium vapor saturation concentration. As the vapor cooled in the 
lines to the condenser. the acetone condensed to the equilibrium vapor concentration of 24% at an 
ambient temperature of 296 K. The condenser further cooled the vapor to the equilibrium concentration of 
approximately 0.2 % by volume at 220 K. A removal efficiency of 99.0% was found for the integrated test. 
During the adsorptionldesorption cycle, the acetone in the 1% by volume and 5.0 slpm challenge stream 
was concantrated up to WA. and the flow rate was decreased by an order of magnitude [lo]. 

Condenser outlet concentrations were also measured for inlet concentrations ranging from 0.25% to 
18.3% by volume (Figure 3) to determine VOC removal efficiencies. The acetone in nitrogen challenge 
gas stream was generated by passing nitrogen gas through liquid acetone in a dual bubbler set-up. The 
challenge gas flow rate was 0.5 slpm and at ambient temperature. The condenser was pre-cooled to an 
equilibrium log-mean temperalure of 215 
acetone concentrations remained fairly constant near the equilibrium vapor concentration of 0.17% at 215 
K as predicted by the Wagner equation. Removal efficiencies are therefore higher for higher inlet 
concentrations. For instance, the removal efficiency found for an acetone inlet concentration of 18.3% 
was found to be 98.8%. However. the removal efficiency for at an inlet of 0.6% was only 70.5%. 

Theoretical and experimental LN2 refrigerant requirements were also evaluated (Figure 3). The theoretical 
mass of LN2 per unit mass of acetone condensed was determined from thermodynamic calculations. At 
low inlet concentrations, more LN2 is required to condense a unit m a s  of aktone. For instance, at an inlet 
concentration of 2.5% by volume acetone. 10 kg of LN2 is theoretically required lo condense 1 kg of 
acetone. However, at an inlet concentration of 2 W o  by volume acetone, only 2 kg of LN2 is required to 
condense 1 kg of acetone. Experimental results showed the same general trend with deviations from the 
theoretical mrve resulting from heat loss from the condenser. This supports the earlier statement that 
higher concentration vapor streams resun in more efficient recovery of VOC vapor. Therefore at high 
concentrations the removal efficlency is maxlmized and the mass of refrigerant per unit mass of acetone 
condensed is minimized. 

The condenser was also evaluated for acetone removal periormance at various condenser equilibrium 
temperatures (Figure 4). A 10% by volume acetone challenge gas stream at 0.5 slpm was sent through the 
condenser at log-mean temperatures ranging from 209 K to 271 K. The measured outlet concentrations 
dosely approximated the theoretical equilibrium vapor concentration as predicted by the Wagner equation. 
This indicates that the acetone bulk vapor concentration reached equilibrlum with the acetone vapor 
concentration at the condenser's surface. This would also exist during scale-up if adequate condensing 
surface is available for the given process stream's vapor concentration, temperature and flow rate. 

A model was develoljed to predicl the axial concentration of a vapor along the condenser length. Radial 
mass transfer was incorporated with the thermodynamic charaderistii of the heat exchange between the 
VOC gas stream and LN2 refrigerant. For a condenser surface area of 1241 cm2 and process conditions 
similar to the experimental condBons. equilibrium concentration is predicted at approximately 30 cm for an 
inlet concentration of 15% acetone (Rgure 5). The laboratory condenser is 62.2 cm long. The model can 
also be used for designing condensers for a specific process gas stream. 

Condenser design can be carried out by first determining the process gas stream characteristics such as 
VOC vapor concentration. temperature and flow rate. By assuming equilibrium conditions, the desired 
condenser temperature can be determined from the vapor concentration dependence on temperature at 
the desired outlet concentration. Once the temperature is known, an appropriate refrigerant can be 
selected. Then by modeling the axial concentration profile, the appropriate surface area and length can be 
determined from the condensing surface required to reach the desired outlet vapor concentratlon. 

Summary and Conclusions 

Integration of a carbon adsorber with cryogenic condensation provides a method to rewver VOCs from gas 
streams in a laboratory scale set-up. Experimental results showed that removal efficiencies of >SA% can be 
achieved for acetone in nitrogen gas streams. Modeling and experimental results also show that 
condensers operate more efficiently at high VOC concentrations and low gas flow rates. Carbon 
adsorption can remove relatively low cornenhation VOCs in high flow rate gas streams and desorb at 
relatively high concentrations and low flow rates. Carbon adsorptionldesorption concentrated a 1% gas 
stream by over an order of magnitude and decreased flow rates from 5.0 slpm to 0.5 slpm. Condenser 
removal efficiencies increased from 70.5% to 98.8% for inlet acetone concentrations between 0.wb and 
18.3% by volume. The mass of LN2 required to condense a unit mass of acetone was also found to 
decrease as inlet concentration increased. The Wagner equation proved to be valid for determining the 
outlet concentration of acetone vapor given the condenser temperature. Cryogenic recovery of VoCs is 
more efficient when the condenser was integrated with a carbon adsorber. 

10 K for each experiment. Over the entire range, outlet 
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Wre 1. Laboratocy condenser &-up integrated with a fixed carbon adsorber. 
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THE ADSORITION ONTO FIBROUS ACTIVATED CARBON 
APPLICATIONS TO WATER AND AIR TREATMENTS 
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Abstract : 
The adsorption of polluted fluids is performed by fiber activated carbon (FAC).The 

adsorption is carried out in a batch or dynamic reactor. Classic models are applied and kinetic 
constants are calculated. Results showed that the performances of FAC are significantly higher than 
that of granular activated carbon (GAC) in terms of adsorption velocity and selectivity. The 
breakthrough curves obtained with FAC adsorbers are particularly steep, suggesting a smaller mass 
transfer resistance than GAC. The adsorption zone in the FAC bed is about 3.4 mm and is not 
really dependent on the water flow rate within the studied range. Applications are developped in 
water and air treatments. Examples are given in the micropollutants removal of an aqueous 
solution. Air loaded with VOC odand odorous molecules is treated by fibers. Regeneration of this 
material is performed by heating by joule effects or electromagnetic induction. Theses original 
approaches to water or air treatment processes are successfully put to use. 

INTRODUCTION 

The removal of organic matter in aqueous or gas phases with granular activated carbon 
(GAC) is commonly performed for the treatment of waters or VOC (Cheremisinoff and Ellerbush, 
1978; Schulhof, 1979; Bansal et al. 1988). GAC adsorbers have been proved effective in removing 
a large number of organic molecules (Clark and Lykins, 1989). 

Fibrous activated carbon (FAC) has received increasing attention in recent years as an 
adsorbent for purifying water. The raw materials of FAC are polyacrylonitrile (PAN) fibers, 
cellulose fibers. phenol resin fibers or pitch fibers and their cloths or felts. They are first pyrolysed 
and then activated at a temperature of 700-1000°C in an atmosphere of steam or carbon dioxide 
(Seung-Kon Ryu, 1990). 

The main objectives of the present paper is to assess the performance of the FAC adsorbents 
in water and air treatments. Phenol and its derivatives are the basic structural unit of a wide variety 
of synthetic organics including many pesticides. Then, phenol was the model compound used 
throughout the adsorption studies in aqueous solutions. The Volatil Organic Compounds (VOC) are 
well adsorbed on FAC, an exemple is schown. Two new regeneration method are proposed. 

MATERIALS AND METHODS 

Activated Carbon Materials 

Activated carbon materials are commercial products proposed by the PICA Company and 
Actitex Company (France). The main characteristics of the materials used in the present 
investigations are presented in Table 1. Scanning electronic microscopy pictures of the different 
adsorbants have been shown elsewhere (Le Cloirec et al., 1990 b) 

Water  treatments 

ffi-~ Activated carbon (about 0.6 g) in the form of GAC or FAC 
was continuously stirred with I liter of an aqueous solution at 20 f I°C containing initially 100 
mg.l-’ as micropollutants. Samples were withdrawn at regula; times and then filtered for analysis 
until a steady state was obtained, up to 300 minutes for GAC. For the equilibrium studied, the 
activated carbon mass was varied from 0.05 to 0.5 g in 250 ml of solution. The final solution was 
then filtered and analysed. 

Continuous Flow Reactor, A laboraty pilot unit was set up for the continuous flow study 
(Figure 1). The raw water contained 50 mg.l-’ of micropollutant and was pumped to the adsorption 
line which was composed of four similar stages. Just one stage is shown on the figure 1. The 
modules have a diameter of 2.5 cm. The dead volume inside and between the FAC modules was 
negligible. The water flowed through each FAC module with a given velocity of 0.67 to 2.07 m h- 
I .  Samples were taken at regular times in the outflow of the FAC modules in order to determine the 
corresponding breakthrough times. 

Air treatments 

Adsorotion proc edure. A laboraty pilot unit was set up for the continuous flow study. The 
raw air contained 50 mg m-3 to 50 g VOC m3 and was sent to the adsorption line. The air velocity 
through the FAC was in a range between 50 and loo0 m h-1. Samples were. taken at regular times 
in the outflow of the FAC modules in order to determine the corresponding breakthrough times. -. Two kinds of regeneration were tested. The heating of FAC was developped 
by joule effect (Figure 2) or by electromagnetic induction (Figure 3). 
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RESULTS AND DISCUSSION 

Water  treatments 

The results are presented in terms of adsorption velocity and selectivity compared to 
activated carbon grains. 

w o n  velocity. The kinetic ccefficients were calculated for the two activated carbon 
materials into account the initial slopes of the curves. The Freundlich or Langmuir's models are 
applied (Table 2) the values of initial velocities are shown in Table 3. Adsorption isotherms were 
performed for the adsorption of phenol from synthetic solutions. All the isotherms demonstrated a 
favorable adsorption (Weber and Smith, 1987). The Freundlich equilibrium constants were higher 
for FAC than for GAC probably because of the higher specific surface area and the microporous 
structure of the activated carbon fibers. Therefore the FAC materials are more interesting than GAC 
from the standpoint of adsorption capacities, Therefore FAC was used for the breakthrough 
experiments. The kinetic coefficient for the FAC was found more than 50 times greater than that for 
GAC. Suzuki (1991) measured similar intraparticular diffusion ccefficients with GAC and FAC. 
On the other hand, Seung-Kon Ryu (1990) came to the conclusion that the superposition of the 
adsorption forces generated by the opposite walls of the micropores causes an increase in the 
adsorption potential inside them. FAC seems to have only micropore which are directly connected 
to the external surface of the fibers (Le Cloirec et at., 1990 Suzuki, 1991; Abe et al., 1992)). The 
pore size distribution for PAN-based activated carbon fibers concentrate around 2.5 to 2.6 nm 
(Tse-Hao KO and co-workers, 1992). Thus adsorbates reach adsorption sites through micropore 
without additional diffusion resistance of macropore which usually is the rate-controlling step in the 
case of granular adsorbents (Suzuki, 1991). Moreover, the small diameter of the fibers results in 
the large external surface area exposed to the flowing fluid. Thus FAC adsorbents provide much 
faster adsorption kinetics compared with GAC (Baudu and co-workers, 1990, 1991). 

-. In order to approach the selectivity of the two adsorbents, adsorptions in bactch 
reactor were performed with a mixture of commercial humic substances and phenol. The results are 
presented in Figure 4. Similar curves are obtained for the two experiments. The FAC presents a 
selectivity for the low molecular weight molecules (Phenol) compared to macromolecules (Humic 
Substances). The adsorption capacities are found to be very closed for different waters as shown in 
Table 4. The micropre distribution coud explain this selectivity. 

Dvnamic adsomtions.Breakthrough experiments were carried out for the adsorption of 
phenol onto FAC material with different flow rates through the FAC modules. Typical 
breakthrough curves for a given flow rate of 2.07 m.h-' are presented in Figure 5. Very steep 
breakthrough curves were obtained for all the flow rates used in the present investigation. This 
characteristic shape has already been mentionned in the review by Seung-Kon Ryu (1990). Again, 
Suzuki (1991) showed drastic differences between the breakthrough curves obtained in the same 
experimental conditions with GAC and packed FAC. The sharper breakthrough curves observed 
for the FAC suggested smaller mass transfer resistance than for the GAC. Similarly, Seung-Kon 
Ryu (1990) concluded that the adsorption rates of FAC are much higher than those of GAC. 
Therefore the mass transfer zones are much smaller in the case of adsorption onto FAC. The 
breakthrough times were measured when the phenol concentration (C) reached 0.05 Co (initial 
concentration). The breakthrough time values obtained for the various thicknesses and flow rates 
used in the study were introduced into the Bed Depth Service Time (BDST) relation developed by 
Hutchins (1973) and currently used. Parameters of the BDST relation are shown in Table 6. The 
No (adsorption capacity) and Z, (adsomtion zone) values were not really strongly dependent on the 
flow rate within the range 0.62 - 2.07 m.h-1. One might hypothesize that the adsorption reaction 
was not significantly influenced by the external mass transfer of the solutes through the 
hydrodynamic boundary layer. The main resistance to the mass transfer might be due to the 
diffusion through micropores inside the activated carbon fibers. The adsorption capacities (No) 
were recalculated as a function of the activated carbon weight (Table 5) .  A good adsorption capacity 
(about 130 mglg), close to the maximum surface concentrations determined in the batch reactor, is 
found with this dynamic system. 

Air  treatments 

VOC adsorption. A large number of works were published on the air treatment with 
activated carbons. Volatil Organic Compounds (VOC) were found to be well adsorbed onto GAC 
or FAC. During this study, adsorption onto FAC were performed with different VOC. An exemple 
is proposed on the figure 6 .  In this case, the dynamic adsorption capacity is found about 30 %. In 
order to recover the solvent, an "in situ" regeneration is required. 

m. Two conventionnal methods are currently used to desorbe VOC from 
activated carbon by hight pressure steam or preheating fluid (air, nitrogen...). In order to overcome 
problems found with conventionnal methods, new processes usefull with FAC were considered. 

Reeeneration bv ioule effect. Recently, a new thermal regeneration process has been used. It 
consists of submitting the carbon to the passage of an electric current. the carbon can be either 
granular (Baudu et al., 1992) or fibrous (Le Cloirec et al., 1991). the activated carbon structure is 
akin to a semi-conductor. Laboratory scale experiments on solvent desorption are very promising. 
The advantage of such a process is that it can be easily implemented in-situ. Examples of 
regeneration by joule effect on fibrous carbon is given in the Table 6. 
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T e reeener tion bv induction heating (Le Cloirec, 1993; Mocho, 1994). Induction heating can be 
for the purpose of recycling volatil organic carbon. As he 

technological possibilities offered by induction on an industrial scaIe have to be taken into account, 
the FAC was presented as cylinders. Figure 4 shows the activated carbon heating equipment. 
Experiments developped with ethyl acetate show the best the frequency is in a range of 1 to 100 
kHz. A regeneration rate of 100% is reached for the activated carbon at the end of an hour. At this 
time, this kind of regeneration is developped at a laboratory scale for a treatment by FAC of air 
loaded by solvents. 

CONCLUSIONS 

The objective of this study was to determine the efficiency of adsorption of fibrous activated 
carbon in water and air treatments. Results showed that performance of FAC is significant. FAC 
have a fast adsorption kinetics and selectivity. Thus, FAC well adsorbed VOC and new 
regeneration processes were proposed. For air and water treatments new reactors could be 
developped. 
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GAC FAC 

Commercial name Pica NC 60 Actitex 1501 
size (mm) 3 

origin coconut viscose 
Porosity microporous microporous 
Specific area (m2.g') 1200 1550 

Table 1 : Main Characteristics of Activated Carbons 
(PICA Company, Levallois France for GAC and Actitex, Levallois, France for FAC) 

GAC FAC 
ltn 0.39 0.428 
k 0.06 27.7 

¶m 117 I83 
b 0.03 0.083 

Table 2 : Langmuir and freundlich model parameters of phenol adsorption 

GAC FAC 
y (I. mg-l.min-1) 5.8 10-6 4.5 10-5 

Table 3 : Initial adsorption velocity for phenol removal 

Water Phenol only HS only Phenol in the HS in the 
mixture mixture 

Deionised 40.1 I 34.3 0 
Drinking Water 40.3 0.5 32.6 0 

River water 44 0 40.2 0 

Table 4 : Adsorption capacity (mg g-I) of phenol and humic substances (HS) in different waters 

U z, No (mg.1-1) No (mg.g-') 
(M) (mm) 
0.62 3.5 9210 134 
1.02 3.3 8925 130 
2.07 3.4 8625 126 

Table 5 : Adsorption zone and capacity at different flow velocities 

Experiment p ( 4  Time to be at Regeneration 
100°C yield (%) 

I 240 3 min 45 s 95 

3 440 55 s 100 
2 340 1 min 20 s ' 100 

Table 6 : Thermal regeneration of fibrous activated carbon by joule effect (Baudu et al., 1992) 
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Figure 4 : Adsorption of mixture. of humic substances (HS) and Phenol onto FAC 
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Fig.5 : Breakthrough curves for different thicknesses of FAC (flow rate: 2.07 m.h-1;. 
raw water concentration: 50 mg phenol.1-I). 

Concentration (urn’) 

0 100 200 

Figure 6 : Breakthought curve on FAC. Air loaded with perchlorethylene, Velocity : 522 m/h; 
FAC weight : 7 kg (Baudu et al., 1992) 
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FAC Module 

Raw Water Treated Water 

Figure 1 : Continous flow reactor used in water treatment 
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Figure 2 : Heatin by joule effect, experimental equipment 
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Figure 3 : Heating by electromagnetic induction.'Experimental equipment 
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Abstract 

The use of zinc metal to decholorinate trichloroethene (TCE) in contaminated groundwater sources 
has been limited by metal surface area for reaction. A highly porous carbon fiber composite substrate 
for the zinc metal provides a much higher surface area for reaction in a decholorination system. The 
zinc coating applied to the carbonaceous fibers provides higher reaction rates than traditional 
powdered metal systems. Added advantages of using the zinc coated carbon substrate for ground 
water clean up are low pressure drop, easy removal and emplacement of composites, and the ability 
to recharge the zinc coating in situ. The novel zinc impregnation method results in a uniform coating 
of zinc throughout the composite and a greatly increased area for reaction. 

The use of zero valent metals is known to successfully degrade chlorinated hydrocarbons. 

Introduction 
The dehalogenation of hydrocarbons by zero-valent metals offers many attractive features for 

environmental application. The relatively high reaction rates, low cost of the metal catalyst, and 
non-contaminating nature of the catalyst all make this an attractive system for ground water clean- 
up. The limiting factor for the dehalogenation reaction is the surface area of the metal available for 
reaction. Large metal pellets offer slow reaction rates, while fine metal particles lead to faster 
reaction rates. In th is  study, a carbon fiber composite is used as a support for zinc plating; producing 
a supported zinc catalyst with very high surface area for reaction and low resistance to flow. The 
zinc plated composite system also has the advantage of being regenerable after metal depletion. This 
regeneration could be performed in situ. 

supported and unsupported zinc systems. Initial rate constants for this reaction are reported. The zinc 
was placed onto the carbon composite using electrochemical reaction at low current densities and the 
resistance to flow through the composite was measured and compared to uncoated composite. 

Literature Review , . . . "  

The use of zero-valent metals, mainly iron, tin and zinc, to remediate water containing 
chlorinated hydrocarbons has been proposed by several researches. The emphasis of most research in 
this area has been on the use of iron as the metallic catalyst or a modified iron, such as the palladium 
plated iron granules used by Korte et. al. (1-7) Boronina et. al. (8 )  have demonstrated the efficacy of 
using Zn or Sn as the catalytic metal, showing the relatively fast reaction rates obtained using very 
fine Zn particles in an inert atmosphere. 

shown to occur at reaction rates ranging from 5 to 15 orders of magnitude faster than that observed 
for natural abiotic processes. (6) O'Hannesin et. al. have shown that a reactive bed containing Fe 
filings was able to remove 90% of the trichloroethene (TCE) from groundwater at the Canadian 
Forces Base, Borden, Ontario site. They concluded that the reaction rate was independent of TCE 
concentration . In further studies, this group found chlorinated species destruction by granular iron of 
13 out of 14 halogenated methanes, ethanes and ethenes. (6) 

In building a pilot scale operation for the reduction of TCE using iron filings, MacKenzie et. 
al. (7) determined several factors controlling the process. The alkalinity of the ground water being I 

treated as well as the amount of dissolved oxygen in the water effect catalytic bed lifetime. The 
presence of carbonate or oxide forming species in the water leads to a inert layer of metal oxide or 
metal carbonate forming on the metal surface. This layer greatly reduces the overall reaction rate. 
(1,5,7,8). MacKenzie et. al. found that a 10 fold increase in aqueous alkalinity reduced the reaction 
rate by three fold. 

Metallic surface area is a controlhng factor in the rate of reaction. (1,8) l3oroninaet.d. (8) 
have shown that cryo-particle Zn with a surface area of>65 m2/g reduced the concentration of CCb 
in water by over 90% in three hours, while granular Zn, having a surface area < 1 m2/g, achieved a 

The decholorination of trichloroethene (TCE) by zero-valent zinc is demonstrated with both 

. , ,  . .  . .  

The destruction of chlorinated species into metal salts and dechlorinated byproducts has been 

' 
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reduction of only 25%. A similar correlation between surface area and dechlorinating ability was 
seen in studies using Sn metal. 

Objectives 

composite. The study also reports some preliminary rate constants for unsupported and supported 
zinc dechlorination of TCE. 

This paper describes a novel process for supporting zero-valent zinc on a carbon fiber 

Experimental 

Unsupported Zinc Powder 

atmosphere. The zinc (from J.T. Baker Chemical) was 60 to 200 mesh in size, and was washed in 
0.01 M HC1 to eliminate any oxide coating. A vacuum tight reaction vessel was charged with 100 
ml of nitrogen saturated water and 10 grams of the washed zinc powder were added. A vacuum was 
drawn on the system and held for 15 minutes to femove any remaining oxygen. The vacuum was 
broken by introduction of a nitrogen gas stream. The reactor was kept under a constant positive 
pressure of nitrogen, and 100 pI of TCE was added. High agitation rates were used to insure 
uniformity of composition. The concentration of chloride ions was measured using a chloride 
selective electrode. 

zinc powder was reacted with an aqueous solution of 1000 ppm TCE under a nitrogen 

Supported Zinc 
Carbon fiber composite was manufactured using the process described earlier at this 

conference at CAER, UK. The composite was carbonized at 600 "C to improve the conductivity of 
the material. A 10 cm long composite sample with 2.54 cm diameter was placed in the holder of the 
plating apparatus (Figure 1). This sample was immersed in a chloride zinc bath (Table 1 )  and a 
plating fluid at 100 mumin was passed through the sample. A solid zinc electrode was immersed in 
the bath and an electrode with 2.5 cm diameter was contacted with the carbon composite. A 10 volt, 
0.1 ampere current was applied to the composite. This low current density was allowed to flow until 
a 2 micron layer of zinc was deposited on the composite which had 17 pm diameter fibers. 

Scanning electron microscopy and elemental analysis were used to determine the uniformity 
of zinc coating on the composite support. This composite was then cut and the composite samples 
used as paddles for agitation in a reactor system as described above in place of the zinc powder. 

Results 

Zinc Plating 
SEM showed that the zinc layer was uniform through out the 10 cm length of the composite 

and had no radial variation. The zinc layer was 2 pm in thickness. This ease of control of the plating 
process would allow the composite plating to be regenerated as needed by flowing a zinc-chloride 
solution through the composite and applying a current as needed in siru. 

Reaction Rates 
To determine if TCE decholorination was.occurring, the reaction was monitored for chloride 

ion concentration in solution using a chloride selective electrode. A typical reaction profile is shown 
in Figure 2. For this initial study, first order kinetics and total reaction were assumed. Reaction rate 
constants were determined based on the amount of chloride not released into solution, and are 
reported on a per gram of zinc basis. The zinc powder was shown to degrade the TCE and the rate of 
degradation increases with temperature (Table 2). 

The reaction rate for the zinc plated composite system is an order of magnitude faster than for 
the powdered zinc system, indicating that the surface area for reaction of the metal controls the 
reaction rate. The pressure drop through the zinc plated composite was measured and compared to 
that of the untreated composite. These values were found to be the same indicating that no increase 
in pressure drop results from the zinc plating. This pressure drop is low, and the zinc plated 
composite would be ideal for use in a fixed-bed flow system. 
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Conclusions 
Zero-valent zinc metal has been shown to successfully decholorinate TCE in aqueous 

solution. The rate of this reaction is determined by the surface area of metal available for reaction. A 
novel process for depositing zinc metal onto a carbon fiber composite produces a reaction system 
with high surface area of metal. This zinc plated composite has a reaction rate an order of magnitude 
higher than that of powdered zinc. 
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Figure 1 : Diagram of composite plating apparatus 
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Figure 2: Typical reaction profile for powdered zinc degradation of aqueous TCE. 
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Introduction: 

Activated carbon has been used for many years for the adsorption of H2S and Mercaptans 
from natural gas streams, carbon dioxide, and sewage vents. It is widely thought that the 
carbon pore surface catalyses the oxidation of HzS to elemental sulfur and higher oxidized 
forms of su l fd2 .  However, due to the poor loading capacities achieved at ambient 
conditions, most commercial activated carbon employed for H2S adsorption contain some 
sort of impregnant, such as NaOH, KOH, or KMn04, to enhance the loading capacity on 
the carbon. 

By far the most widely used impregnated carbons used for H2S adsorption has been NaOH 
and KOH impregnated carbons. These carbons show greatly increased Sulfur loading 
capacities, however due to high heats of reactions involved, are prone to bed fires. Non- 
impregnated carbons, which have undergone pore surface modification are also 
commercially available. These carbons fail to meet the same high loading capacities as 
caustic impregnated carbons, however it’s manufacturer claims that that simple water 
wash is all that is required to achieve partial regeneration of the carbon. 

A relatively new carbon type, NORIT ROZ 3, has been developed, which not only 
increases the Sulphur loading capacity significantly over caustic impregnated carbons, but 
it is not as susceptible to bed fires. This carbon differs from caustic impregnated carbons 
commercially available in two distinct ways. First the base carbon used has a higher pore 
volume, especially in the meso and macro pore range. Secondly, Potassium Iodide, is 
used as an impregnant. 

This paper will present laboratory and field data of both caustic impregnated carbons and 
NORIT ROZ 3, as well as laboratory data of a surface modified carbon, Calgon 
Centaurw HSV. 

HZS, Oxidation, Activated Carbon, Potassium Iodide 

Laboratorv studies: 

Carbon tvnes: 
Three commercially available carbons were tested for their ability to adsorb H2S. These 
were Calgon IW, Centaur HSV and NORIT ROZ 3. In table 1, the carbon characteristics 
are listed. All three carbons vary significantly. 

NORIT ROZ 3 is a highly activated peat based carbon which has a high degree of macro 
and mesopores. It is impregnated with minimum 2 % potassium iodide. 

Calgon IW is a bituminous based activated carbon typical for vapor phase applications. It 
has been impregnated with Sodium Hydroxide. 

Calgon HSV is a non-impregnated bituminous coal product which has been treated to 
enhance its catalytic activity. 

TM of the Calgon Corporation, pinsburgh, PA 
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Reaction Mechanism: 
For the oxidation of HzS, a certain amount ofwater vapor must be present. Hedden et al' 
have proposed the following mechanism. Water is adsorbed, forming a film of water on 
the pore surface. H2S and O2 diffuse down into the carbon pores and are dissolved in the 
water. The O2 is adsorbed on the carbon surface and breaks down into radicals. These 
oxygen radicals then react with the dissolved hydrosulfide ions, forming elemental sulfur 
and water (figure 1). 

Since the radical formation occurs on the pore surface of the carbon, it might be 
concluded that surface area would be a predominant factor in this reaction. 
T.K Ghosh et all found however, that the amount of surface area of a carbon has no effect 
on the oxidation of HzS. Ghosh concluded that carbons which had high pore volumes, not 
high surface areas, achieved higher rates of conversion of HzS. 

Further oxidation to sulphur dioxide and sulfuric acid can occur. In the presence of 
NaOY Na2S04 and Na2SO3 can also be formed. Klein et a12 suggest that the addition of 
KI as a catalyst not only increases the reaction velocity, but also limits the formation of 
sulfuric acid. 

Test descriotion: 
The standard test used to measure the performance of carbon for HzS adsorption is a 
dynamic test. Humidified air (RH 75 %, 20°C) containing 1 % vol. (10,000 ppm) of H2S is 
passed through a column of carbon (diameter 3.9 cm, bed height 22.9 cm) at a linear 
velocity of 8.8 cm / second (6350 ml/min.). This results in a contact time of 2.7 seconds. 
The test is stopped at breakthrough concentrations of 50 ppm, 

The adsorptive capacity of a carbon is given in g/ml, which is calculated as follows: 

Adsorption capacity = (&S)*F*TBT / VC 

Where: (HzS) = Concentration, in g/ml 
= Flow, in ml / min. 
= Break through time, in minutes 
= Volume of carbon, in ml 

F 
TBT 
VC 

Lab results: 
The results of the tests are given in table 2. Of all three carbons tested, only 
NORIT ROZ 3 achieved the 0.14 g/ml which has become the standard in the odor control 
market. Alter breakthrough, the carbon in the top, middle and bottom of the column were 
analyzed for total sulfur content and the results were corrected back to % sulhr adsorbed 
per ml of virgin product. The results are presented in table 3 ,  

With Calgon Centaur HSV, the mass transfer zone is very long, as it can be observed that 
the middle of the bed had much lower loading capacities than the bed inlet (0.06 vs 
0.11 g/ml). This was also the case with NORIT ROZ 3, although not as dramatic as with 
the Calgon Centaur HSV. Curiously, with the caustic impregnated carbon, the bed inlet 
has a lower Sulfir loading capacity than the middle of the bed. This could possibly be due 
to high heats of reaction dlying the bed, limiting the amount of H2S which could react. 

Previous tests carried out NORIT ROZ 3 resulted in an equilibrium loading capacity of 
approximately 120 wt. % (0.54 g/ml). These tests were done with an humidified air 
stream (20°C, RH SO%), with a H2S concentration of 0.5 vol. % (5,000 ppm) for 450 
hours. 

This clearly shows that this accelerated test, lasting only a few hours, does not allow 
sufficient time for the HIS to oxidize to maximum loadings. It can be argued that the 
accelerated H2S oxidation test has limited relevance to actual field performance due to the 
high HzS loadings, short run time and that no other organic compounds are co-adsorbed. 
Questions have also been raised about the reproducibility of this test. In addition, Koe et 
aL4 found that, for caustic impregnated carbons, the actual field trials show Sulphur 
loadings which are only 30 % that of laboratory loadings. A detailed discussion of this is 
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beyond the scope of this paper, however it is evident that actual field data will give a much 
better understanding of the relative performance of carbons. 

Field Data: 

Two case studies were conducted with NORIT ROZ 3. 

Case 1 : 
A single adsoher containing 7,000 Ibs of NORIT ROZ 3 was installed at a sewage odor 
filter in the Netherlands. The size and conditions of the installation are listed in Table 4. 
M e r  odor breakthrough, carbon from various depths within the bed was analyzed, the 
results appearing in Table 5 .  

It can be clearly seen from the carbon analysis, that the odor was due to organic 
compounds breaking through the bed. The upper 1/2 of the carbon bed did in fact not 
even have any sulphur loading on the bed. The inlet portion of the bed did achieve very 
high Sulphur loadings in addition to high organic loadings. It can be assumed that if the 
bed had been run until H2S breakthrough, that the average sulphur loadings would have 
been much higher. 

Case 2: 
At a sewage discharge station, a small adsorber was filled with 1764 Ibs of 
NORIT ROZ 3. Previously this adsorber was filled with KOH impregnated bituminous 
based carbon. M e r  odor breakthrough, both carbons were sampled from the top, middle 
and bottom portions of the bed and analyzed with the following results: 

A marked difference in bed life and loading capacity was noticed between the KOH 
impregnated carbon and the NORIT ROZ 3. In fact the NORIT ROZ 3 lasted 275 % 
longer than the KOH impregnated carbon. This was in spite of the fact that the bed 
containing the caustic carbon had 13.4 % more carbon on a % wt basis. 

It is interesting to note that even after 1 1  months of adsorption, the middle of the bed 
containing NORIT ROZ 3 did not reach equilibrium loadings, with S loadings of 
47.1 wt % for the bottom vs, 25.5 wt % for the middle. The KOH impregnated carbon on 
the other hand seemed to have reached its maximum loading at 12 % loading in both the 
top and middle sections of the bed. This would suggest that the reaction rate of a caustic 
impregnated carbon is more rapid than that of the KI impregnated carbons. 

Bed Fires: 

NORIT ROZ 3 has been installed in over 70 installations world wide in addition to over 
100 sewage gas breathing filters. In all of these installations, no bed fire has ever 
occurred. Caustic impregnated carbons do have somewhat higher heats of reaction, 
however this alone fails to explain why so many bed fires have occurred in the field with 
caustic impregnated carbons. 

Conclusion: 
The accelerated oxidation test does not give a representative view of activated carbons 
field performance. This is primarily due to the short test period which would not allow 
sufficient time for the oxidation reaction to go to completion. It appears that the KI 
impregnated carbons and the surface modified carbons have a slower rate of reaction than 
caustic impregnated carbons and thus would be negatively biased in such a test. 

In both long term laboratory tests and actual field cases, NORIT ROZ 3 achieved very 
high loading capacities for both organic and sulphur bearing compounds. This can be 
attributed to the high pore volume and KI impregnant. 
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NORIT ROZ 3 
Calgon Centaur HSV 

Calgon IVP 

Table 1 : Carbon Characteristics. 

Mesopore volume not available for Centaur HSV 

capacity (g/ml) 
0.15 
0’. 06 
0.11 

Table 2: Results of accelerated H2S Oxidation test 
Carbon type I Adsorptive I 

._ 
(dd) 

Calgon Centaur HSV 
Calgon Iw 

NORIT ROZ 3 
(ghnl) (g/nd) (g/ml) 
0.16 0.14 0.02 
0.11 0.06 0.02 
0.07 0.12 0.01 

Table 3 : Sulhr analysis of spent carbon from table 2 
I CarbonType I Bottom I Middle I Top I 

Carbon Bed Height 
Carbon Bed Diameter 
Flow Rate 
H2S Concentrations I 

Breakthrough 
Contact Time 
Relative Humidity 

2 m  
2.1 m 
2400 m 3 k  
15-40 ppm 
Odor 
10.4 seconds 
70-80 % 
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Figure 1: Proposed reaction mechanism for the oxidation of H2S 
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1. Introduction 

Petroleum refineries are among the largest users of hydrogen i n  the chemical industry. 
Hydrogen is used in hydrogenation, desulfurization and denitrogenation processes and a large 
source of hydrogen in refining operations is the production of aromatic compounds which are used 
as octane enhancers in gasoline. Environmental regulations are requiring refiners to reduce the 
amount of aromatic compounds in transportation fuel and, thus, the tolal amount of hydrogen 
produced in dehydrogeiitation proccsses is being reduced. In addition, refineries are being forced 
to use crudes which are higher in sulfur which further incrcases the total H, needs. This requires 
refiners to make or buy hydrogen by conventional methods such as Steani-Methane Reforming or 
to recover hydrogen from their processes. Thc purpose of this paper is to describe the preparation 
and performance of a new carbon-based gas separation membrane and its application in two new 
processes for hydrogen recovery from refinery waste streams. 

2. Selective Surface Flow TM Mechanism 

Surface diffusion on nanoporous membranes is an attractive choice for practical separation 
of gas mixtures because the separation selectivity is determined by preferential adsorption of 
certain components of the gas mixture on the surface of the membrane pores, as well as by 
selective diffusion of the adsorbed molecules [I]. The Selective Surface Flow (SSFTM) mechanism 
is shown schematically in Figure 1 for a mixture or hydrogen and hydrocarbons. The 
hydrocarbons are more strongly adsorbed on the pores than hydrogen on the high-pressure side of 
the membrane. These adsorbed components diffuse along the pore surface to the low-pressure side 
of the membrane where they desorb into the permeate stream. If the pores of the membrane are 
made small, the adsorbed layer of hydrocarbons serves to block the gas phase flow of hydrogen 
across the pore. Thus, the feed gas is depleted in the hydrocarbons and an enriched hydrogen 
stream is withdrawn at feed pressure. This is in contrast to typical polymeric membranes which 
selectively permeate hydrogen. Permeation selectivities of these membranes can be very high 
because the adsorption selectivity is high even at low feed pressure. The hydrocarbon permeability 
across the membrane will be high because the diffusivity for surface diffusion is orders of 
magnitude higher than typical diffusivities for these components through a polymeric matrix. This 
allows the membrane thickness to be 1-3 microns rather than the submicron membrane thicknesses 
typically needed for polymeric membranes. We have developed a novel nanoporous carbon-based 
membrane which exhibits these properties and shows very attractive gas separation properties for 
hydrogedhydrocarbon and carbon dioxide/metliane/hydrogen mixtures. 

3. Membrane Preparation 

We have prepared very thin, defect-free, nanoporous carbon membranes by converting a 
thin-film of polyvinylidene chloride polymer to carbon by pyrolysis. A polyvinylidene chloride 
(PVDC) latex ( 5 5  wt% solids) was cast on a porous graphite support; the film thickness was 
estimated to be between 5 and 10 microns. The coated support'was then carbonized to 
temperatures between 600 and IOOOC under nitrogen to convert the PVDC to carbon. This coating 
and carbonizing procedure was repeated up to five and the resultant carbon layer had a thickness of 
1-3 microns. 

Permeation properties of the carbon membrane were measured using a plate and frame membrane 
module. A schematic representation of the module is shown in Figure 2. It  can hold 6 flat sheet 
carbon membranes to provide a total membrane area of -0.5 ftz. The purge gas passed through the 
module countercurrent to the feed direction. The module was instrumented to allow measurement 
of feed and effluent gas flows and compositions.' 

The pore size of the membrane was estimated by comparing the pure methane diffusivity through 
the membrane to the methane diffusivity through zeolites of known pore structure [I]. It was 
found that methane diffusivity through the carbon membrane is in the activated diffusion 'regime 
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and the mean pore size is - 5.5A. This suggests that these membranes will exhibit the Selective 
surface Flow properties. 

4. Practical Applications of SSFTM Membranes 

4.1 Recovery of Hydrogen Froni llcfincry Fucl Gas 

. Refinery waste streams are typically. used as fuel within the plant. They contain 20-50% 
Hz and CI-C4 hydrocarbons are available at pressures of 50 to 150 psig. Conventional separation 
methods are not amenable to hydrogen recovery from these streams because of low hydrogen 
recovery effkien<y or high energy of separation. Pressure swing adsorption (PSA) process are 
commonly used in hydrogen separation and purification, however, tlie overall hydrogen recovery is 
low when the feed gas contains hydrogen concentrations less than -50-60% [2]. Additionally, 
hydrogen PSA systems cannot handle C,+ hydrocarbons because these constituents are not easily 
desorbed from the adsorbent. Polymeric mcmbrancs are used in refineries for hydrogen recovery 
however they typically require high fccd gas pressure (>300 psig) and they produce hydrogen at 
the low pressure side which requires recompression before being fed to a PSA system [3]. The use 
of two compression steps (feed and permeate) make this process very cnergy intensive. 

A process to recover a good portion of the H, from such mixtures without further compression of .  
the feed gas while rejecting a substantial portion of the hydrocarbons and has been patented by Air 
Products and Chemicals, Inc. [4]. The refinery ,waste gas is fed to an SSFTH carbon membrane 
module at the available pressure. Thg H,-enriched stream on the high pressure side of the 
membrane can then be compressed and separated in a conventional pressure swing adsorption 
(PSA) process to produce ultra-pure 1-1,. Tlie waste gas from the PSA system containing some H2 
and lower hydrocarbons can be used to provide the low-pressure purge streani for the membrane. 
Figure 3 shows a schematic flow sheet for such a membrane-PSA hybrid scheme. 

The performance of the carbon membranes for separation of a multicomponent H2- 
hydrocarbon mixture was tested in plate-and-frame membrane module. A gas mixture containing 
40.9% H2, 20.2% CH,, 19.8% C,H,, 9.2% C,H, and 9.9% C4Hlo (mole %) at 50 psig was used as 
the feed gas and a purge gas consisting of I-I,, CH, and CzH6 mixtures (typical PSA waste of 
Figure 3) was passed through the module in a countercurrent direction to the feed gas flow. The 
module was operated at -1 1 .O"C and 25°C. It  was found that the membrane could be used to 
produce a H2-enriched gas containing 56.0% 1-1, while rejecting (to the lower pressure side) 
100.0% C4H,,, 92.0% C3H8, 67.5% CZH6 and 36.0% CH,. Tlie H2 recovery in the membrane 
was 63.0%. The H p i c h  gas was produced at 48 psig from tlie membrane unit (see Figure 3). 
These membrane clearly show Selective Surface Flow properties --- high rejection of heavier 
hydrocarbons and high hydrogen recovery at feed pressure. 

The hydrocarbon-rich membrane reject gas could be used as fuel. Tlie recovered H2-rich 
gas from the membrane could be further compressed to a pressure of 200 psig and fed to a 
conventional PSA system in order to produce a 99.99+% H2 product with an overall H2 recovery 
of -43.0% from the waste feed gas. Thus, the nanoporous membrane can be used to recover a 
valuable chemical (H2) from a waste gas using only one compressor between the high pressure 
effluent and the PSA system. 

A comparison of the relative energy requirement for recovering H, by this process and to 
make hydrogen using conventional Steam-methane reforming shows that the membrandPSA 
hybrid process requires 15% energy less than reforming [6] .  

4.2 Enhanced Hydrogen Recovery in Hydrogen Manufacture 

Steam Methane Reforming (SMR) followed by separation of the reformer product 
(typically 75% Hz, 20% C02,4% CO, and 1% CH4) in a pressure swing adsorption (PSA) system 
is the method of choice for Hz manufacture today. The reject stream from the PSA (5 psig) 
contains a significant amount of hydrogen (approximately 20% of the PSA feed) which is used as 
fuel for the reformer (See Figure 4). The H2 in PSA reject stream cannot be economically 
recovered by conventional technology because Ihe hydrogen concentration and pressure are low. 

SSFTM membranes have the advantage of operating very efficiently even at low pressures. 
These membranes can be used to increase the overall hydrogen recovery of the SMWPSA process 
by recovering and recycling part of the hydrogen from PSA reject gas. A schematic diagram of the 
process patented by Air Products and Chemicals, Inc. [5] is shown in Figure 5 .  The reject of the 
PSA is compressed from 5 to 30 psig. An SSFTM membrane module is then used to selectively 
remove C02, CO and CH4 and enrich the hydrogen. Tlie enriched hydrogen product from the 
membrane can be compressed and recycled to the PSA unit. A countercurrent CH4 sweep gas is 
used on tlie low-pressure side of tlie iiieinbrane at 3 psig. 
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The performance of the SSFTM membranes for separation of C02 and CH4 from H2 was 
measured at 294K using a feed gas containing 35% M2, 55% Cot ,  and 10% CH4. It was assumed 
that CO behaves similar to CH4. The feed pressure was maintained at 30 psig and a low-pressure 
CH4 sweep gas used at a flowrate of 15% of the feed flowrate and pressure of 3 psig. Under these 
conditions, the membrane was able to reject 87.5% of the C02,64.3% of the CH4 while recovering 
55% of the H2. 

The overall hydrogen recovery from a SMWPSA system shown in Figure 5 was calculated 
using the above membrane performance. The mcmbranc selectively rejects the C02, CO and 
CH4 thereby reducing the flow of the recycle stream to the PSA feed and enriching the H2 
concentration. The addition of thc recycle docs not significantly change the PSA feed composition 
so that the PSA 112 recovery rcniaiiis constant. Thc overall hydrogen rccovcry for this process was 
89.9% compared to a hydrogen rccovcry of 80% for the base case without the SSF membrane. 
This significant improvement in H2 recovery is only possible because the SSFTM membrane can be 
operated efficiently at such low feed-gas pressure. 

5. summary 

A novel microporous carbon membrane has been developed that uses adsorption and 
surface flow as the means of gas separation. These membranes have significant advantages in 
terms of energy efficiency and overall process performance for the separation of H2 from refinery 
waste gas streams compared to conventional methods. 
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Figure  1: Mechanism of Gas Separation by Selec t ive  Surface Flow 
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,CARBON MEMBRANE 

SMR PRODUCT 

4%CH4 1%CO 

p = 250 psig 
75%H, 2O%CO, b 

HIGH PRESSURE FEED GAS IN - 
LOW PRESSURE PURGE GAS OUT - 

HIGH PRESSURE PRODUCT GAS OUT - 
LOW PRESSURE PURGE GAS IN - 

H, PSA H, Recovery = 80'% - 99.9+% H, Product 

Figure 2.: Plate-and-Frame Membrane Module 

REFINERY 
WASTE GAS 

SEALS 

19.8% CZH6 

Hz PRODUCT 

99.99+% Hz 

MEMBRANE PERFORMANCE 

91.1% C3H8 REJECTION 
TO FUEL 100.0% C4H10 REJECTION 

67.5% Cz HE REJECTION 
36.0% CH4 REJECTION 
H2 RECOVERY = 63.0% 

Figure 3: Process for Recovery of H2 from Refinery 
Waste Streams 

250 psig -7 
P = ' 3 psig 
PSA Reject to SMR Fuel I 

Figure 4 :  Conventional Process for H2 Production 

397 



99.9+% H, Product 
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CH, Sweep - 
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Membrane Performance 
H, Recovery = 55% 
CO, Rejection = 87.5% 
CH, Rejection 64.3% 

SMR Fuel 

Figure 5: Enhanced H2 Production using SSF Membranes 
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ADSORPTION TECHNOLOGY BRINGS WASTE INCINERATORS INTO COMPLIANCE 
- STEAG'S /ddtm-PROCESS IN EUROPEAN FACILITIES - 
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ABSTRACT 

Due to the stringent emission limits for waste incinerators in Europe, the use of activated carbon 
technology became necessary. 
STEAG is a licensor for the design and construction of an activated carbon Gxed bed adsorber , 
the so called /a/dtm-process with licensees in Europe and the United States. 
The following paper provides a short desription of this technology and experience in 
commisioning and operation of the system. 
The effectiveness of the /a/dtm-process is demonstrated. 

Emission control is an issue affecting many different sectors of industry. Some of the most 
stringent regulations apply to waste incinerators and Waste-to-Energy facilities, 

Activated carbon technology is used in Europe to comply with these regulations. This technology 
makes it possible to reduce dioxin, kran, heavy metal, s u h r  and acid emissions far below the 
required limits. Activated carbon processes are installed in Europe downstream of the flue gas 
desulkization at medical, hazardous and municipal waste incineration plants. 

The development of this technology occurred when the legal emission limits in Germany, the 
Netherlands, and Austria were tightened sigruficantly. 

Table 1 shows a comparison of the current legal emission limits in Europe and the United States. 

STEAG has nearly 20 years experience in carbon technology. Since 1978 STEAG operates pilot 
plants to investigate the efficiency of this technology and to optimize the process. This resulted in 
the the "know-how" needed to design a cost effective adsorption system with guaranteed safe 
operation. Although STEAG has licensee AE&E (Austrian Energy and Environment), K+L 
(Kessler and Luch, Germany), and Black & Veatch (Kansas City, USA), STEAG has been 
involved in the design and commissioning of all /a/c/tm facilities. 

The proprietary fixed bed design is shown in figure 1. It is a cross flow fixed adsorber system. The 
flue gas flows horizontally through it. The bed consists of three vertical layers of activated carbon. 
Each layer is subdivided by perforated plates and each layer has it own coke discharge equipment 
so it can be moved and extracted separately and independently from the others. The first layer - 
the inflow layer - removes particulates, gaseous heavy metals and dioxins and firans, the second 
layer removes sulkr oxides (S02/SO3) and the third layer halogenated hydrogen (acid gases). 
The adsorbent in each layer can be replaced according to its capacity, providing the most efficient 
use of the carbon. The adsorption unit is designed to hold a supply of fresh carbon in a hopper at 
the top of the bed, which continually replenishes the supply. Each layer can be replenished 
individually, based on the conditions at the gas inlet. The carbon supply hopper needs to be filled 
only periodically. The unit's unique, patented features ensure the safe and scient use of activated 
carbon while operating at temperatures between 215 to 300 F. 
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Since 1990, when the first contract was signed, STEAG and their licences have installed /a/dtW- 
systems at 8 different sites in Europe with a total flue gas volume of more than 2.2 million dscm. 
Black & Veatch signed a contract to construct the first carbon adsorber of its kind in the United 
States. This was a team effort between Black & Veatch and STEAG. 

In table 2 a reference list of the /a/dP--systems installed downstream of Waste Incineration 
plants in Europe is shown. 

Following is a brief description of the operating experience at three of the European sites. 

THE MUNICIPAL WASTE INCINERATOR AT AVR ROTTERDAM 

This facility is the largest municipal waste incineration plant in Europe. It consists of 7 

independent units, all equipped with roller grate incinerators, electrostatic precipitators, two-stage 
wet scrubbing systems, /a/dtlM-systems, and a low temperature SCR-DeNO,. This facility has a 
total capacity of over 1,000,000 tons of waste per year (20 t o h  per unit). 

Each unit has an ddtm-system consisting of two beds, which are installed parallel to the flue gas 
flow. The main dimensions of the adsorber are 52 ft (length), 16 ft (width), and 88 ft (height). The 
total filter surface is approximately 5340 sqfi. 

The guarantee measurements were carried out separately for each unit between April and October 
1994. Table 3 presents actual measured emission values. 

It can be seen, that all the emissions are clearly far below the legal emission limits and the 
specified levels. The carbon consumption is about 1.65 Ibdt of burned waste. 

This state-of-theart flue gas cleaning system shows impressive results, proving it is possible to 
operate even an old incinerator while protecting the people and the environment most effectively 
6-om air pollution. 

THE HAZARDOUS WASTE INCINERATOR AT AVR ROTTERDAM 

At the same site there are three rotary kilns for incineration of industrial and chemical wastes with 
a total capacity of approx. 80,000 tons per year of hazardous waste. 

The relevant main components of this hazardous waste incineration plant are as follows: rotary 
Idlu, waste heat boiler, spray quencher, electrostatic precipitator, two stage wet scrubbing system, 
lddtm-system. 

Trial operation of this hazardous waste incineration plant ended in October 1992, the results are 

shown in table 4. Several series of emission measurements have shown that the actual levels are 
clearly far below the emission standards and the specified levels. 
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THE HYDROCHLORIC ACID PRODUCTION FACILITY AT SOLVAY, RHEINBERG 

Substance Unit I )  

Total dust mgldscm 
HCI mgldscm 
HF mgldscm 
so2 mgldscm 
NO, mgldscm 
Hg mgldscm 
Cd, TI mgldscm 
Dioxins, Furans mgldscm 

The /a/dt”%ystem is not only able to clean flue gases but also any other gases containing air 
pollutants. 

Germany6) Netherlands7 

10 5 
10 10 
1 1 

50 40 
loo2) 70 
0.05 0.05 
0.05 
0.1 5 )  0.1 5 )  

The HCI-production facility consists of a combustor, which bums liquid chlorinated 
hydrocarbons. In a two stage wet scrubber with acid recirculation a purchasable hydrochloric acid 
is formed. The gas cleaning system consists of two-stage neutralization and an /a/dtm-system in 
order to remove dioxins, furans, and other organic substances. 

The /a/dtm-systm is a single bed adsorber with a height of 63 A, a width of 17 A, and a length of 
8 ft. The total filter surface is approximately 360 sqft. 

Table 5 shows a comparison of the legal emissions limits, the guaranteed values and the results of 
the emissions measurements 

’ 

t 
The /a/dtm-system removes the air pollutants with a very high efficiency and helped to increase 
the acceptance of this facility in the surrounding region. 

I. 

CONCLUSION b 
h 
\ 

With the /a/dtm-system STEAG and their licensees can provide a state-of-the-art flue gas 
cleaning technology with the highest removal efficiency available. This system can clean all kinds 
of gases containing air pollutants or odorous substances and can be operated safely and with 
minimum maintenance. 

TABLE 1: Legal Emission Limits for Waste Incinerators 

Austria*) 

15 
10 
0.7 
50 
100 
0.05 

0.1 5 )  

European 
Union 3F) 

10 
10 
1 
50 

0.05 
0.05 
0.1 5 )  

USA 4, 

12 

32 

67 
288 
0.06 
0.01 
0.16 

*) related to 11 % oxygen, dry at 273 K and 1 atm 
standards 
3, guideline 4) municipal waste incinerators only 
6) one day mean value 7, one hour mean value 8, half hour mean value 

2) general value-depending on local 

corrected by toxic equivalent factors 
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TABLE 2: Reference list of the /a/dtm--systems installed downstream of Waste Incineration 

’lue gas I 

plants in Europe. 

Type I Location 

Medical waste 
Hazardous waste 
Industrial flue gas 
Municipal waste 
Municipal waste 
Municipal waste 
Municipal waste 
Municipal waste 
Industr. flue gas 
Crematory 
Liq. hazard. waste 

Heidelberg, Germany 
Rotterdam, Netherlands 
Freiberg, Germany 
Rotterdam, Netherlands 
Essen, Germany 
Wels, Austria 
Mannheim Germany 
Rotterdam, Netherlands 
Rheinberg, Germany 
GieOen, Germany L Southeast USA 

Owner/Operator 

University 
AVR Chemie 
NE-Metal1 GmbH 
AVR 
RWE-Energie AG 
WAV 
RHE 
AVR 
Solvay GmbH 
Stadt Giessen 
Commercial Fac. 

>ommissionin 

A 
Oct 199 1 

Oct 1992 
Jun 1993 
Nov 1993 
May 1995 
Jul 1995 
Jun 1995 
Aug 1995 
Apr 1995 
Dec 1993 
N/A 

tolurnddscm 
2 ~ 6 , 5 0 0  
1 x 77,000 

1 x 1,500 , 

6 x 155,000 
4 x 168,000 
1 x 55,000 
1 ~295 ,000  
1 x 155,000 
1 x 15,380 

1 x 1,500 
1 ~28,000 

TABLE 3: 

under construction) 
Results of the Emission Measurements at AVR Rotterdam (unit 1 to 6, unit 7 

Substana I Unit 1 RV1) 
1989 

5 

10 

1 

40 

70 

0.05 

0.05 

1 

0.1 - 

Unit 1 

< 1.0 
0.9 

< 0.4 

12 

36 

< 0.003 

0.03 

0.030 

0.01 - 

Unit 2 

< 1.0 
< 0.7 
< 0.2 

< 5  

31 

< 0.001 

0.003 

< 0.050 

0.030 - 

Unit 3 

- 
< 1.0 
1.0 

< 0.4 
23 

36 

< 0.003 

0.002 

0.03 

0.01 - 

Unit 4 

- 
< 1.0 

1.8 

< 0.4 

11 
41 

< 0.003 

0.004 

0.04 

0.015 

Unit5 Unit6 

<0.001 <0.001 

0.001 0.001 

< 0.050 < 0.050 

0.013 0.009 

1) RV m-: Dutch legal Cmisson limits AU values refer to standard condition (273 K, 101 3 hPa dry) and 11 % 4 

402 



TABLE 4: Emission Measurements at AVR Rotterdam Hazardous Waste Incineration Plant 

Unit 

Dust m g M d  

HCI m r n d  
HF m g M d  

Cd m g M d  
Hg . , m g M d  

mmm3 

PCDDPCDF h TEQ n g ~ m )  

s02 mg/Nm' 

Sb, As, Pb, Cr, CO, Cu, 
Mn, Ni. V, Sn, Se, Te 

RV 
1989 

5 

10 
1 

40 

0.05 
0.05 

1 

0.1 

Results of the accept. 

< 0.5 

0.19 
0.05 

6 
< 0.0001 
0.0022 
< 0.025 

0.03 

TABLE 5 :  Comparison ofthe legal emissions limits, the guaranteed values and the results of 
the emissions measurements 

Chemical 
Compounds 

Unit 

Total Dust 
HC1 
HF 

so2 
Hg 
Dioxins, Furans 

mg/dscm 
mg/dscm 
mgldscm 
mg/dscm 
mg/dscm 

nddscm TE 

Emission Standards as 
per Clean Air Act 

17. BImSchV 
I 10 

10 
1 

50 
0.05 
0.1 

Guaranteed 
Emissions 

5 
10 

0.1 
5 
0.03 
0.05 

Measured Emissions 
Mean values over the 

sampling time 
< I  
4 

not detected 
not detected 
not detected 

not yet measured 

Figure 1 : STEAG's la/dtna-process 
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THE COMBINED SOX / NOX / AIR TOXICS REDUCTION PROCESS 
USING ACTIVATED COKE FOR FLUE GAS CLEANUP 

KazuhikoTsuji and IkuoShiraishi 
Mitsui Mining Company Ltd., 

1-3 Hibikimacbi, Wakamatsu Ward 
Kitakyusyu City, Fukuoka.808 JAPAN 

Keywords : Activated CokdAC), DeSOx and DeNOx with chemically modified AC surface, 
Toxic reduction with AC 

INTRODUCTION 
The dry desulfurizaeion and denihification process using activated coke(AC) as a dry type flue gaS 
cleanup technology was originally researched and developed during the nineteen-sixties by 
Bergbau Forschung(BF) ' I )  , now called Deutsche Montan Technologies. Mitsui Mining 
company(MMC) concluded a licensing agreement with BF in 1982 to investigate, test and adapt the 
system to the facilities in Japan where the regulations are stricter towords SOx/NOx pollutants, as 
well as dust emissions from utility industries, oil refineries, and other industries. There are three 
commercial plants of this process installed to coal fired boiler, FCC units, and incinerator in Japan 
and two plants in Germandthe latter two plants were constructed by Uhde GmbH). Recently, the 
capability of AC process to adsorb and reduce toxic trace materials, such as Hg vapor and dioxines, 
is athactive for flue gas cleanup of waste incinerators or coal combustion boilers. General Electric 
Environmental Survices, Inc.(GEESI) signed a license agreement in 1992 with MMC. Under this 
agreement, GEES1 will market, design, fabricate and install the AC process for flue gas cleaning 
applications in North America. 
MMC also developed a technology to produce activated coke to be used in the D e S W e N O x  
process. based on our own metallurgical coke manufacturing technology. The commecial plant 
with the capacity of 3,000tons per year to produce MMC's activated coke has been in operation. 
We have a plan to construct a larger plant of activated coke production in Japan preparing for the 
increase of demands for AC process in the near future. 
In this pper,we would like to present some data of DeSOx, DeNOx and toxic removal with MMC's 
AC, which include basic data from laboratory tests, characteristic data of sampled AC from test 
plants, and performance data of commercial plants. Furthermore, we will put a focus on the 
relationship of the DeSOx and DeNOx activities of AC to the surface functionalities of chemically 
modified AC in both labo. tests and pilot tests. 

MMC'S ACTEVATED COKE AND GE-MITSUI-BF PROCESS 
Activated coke(AC) is a formed carbonaceous material designed for dry DeSOx/DeNOx and Toxic 
removal process of flue gas cleanup. For this purpose, we selected a suitable raw mal from 
bituminous coals and investigated an appropriate process for production * * )  , which include a 
pretreatment of raw coal, blending of raw materials, briquetting, carbonization and activation, to give 
AC high DeSOxDeNOx activities and high mechanical strength against abrasion and uush during 
circulation and handling in the flue gas cleanup process. 
There are several differences in characteristics of MMC's AC compared to an activated carbon 
using criteria such as gas recovering or deodexizing processes. BET surface area of MMC's AC is 
150-250m /g, which is less than one-thixd that of activated carbon. BET surface area of the 
carbon materials represents their micro-porous structure, which becomes larger during the 
manuhcturing process where the chemical activation condition is severe. As the activation 
becomes more severe, the yield of the product decreases and the mechanical strength of the 
product falls. A decrease in yield results in increased product cost and a decrease in mechanical 
strength causes greater material loss during the flue gas cleanup process. As MMC's AC is 
processed with a temperate activation procedure, it is one-fourth to one-third the price and has a 
higher mechanical strength compared to activated carbon. MMC's AC also has advantages in its 
abilities to remove SOX and NOx as compared with activated carbon. 
F b e  1 illustrates a schematic of the GE-Mitsui-BF DeSOxDeNOfloxic removal process, 
which is designed for SOx/NOx containing flue gas treatment system consisting of twin AC beds 
and an AC regenerator. In this system, AC moves continuously from top to bottom thmugh the 
AC beds. The regenerated AC with some part of fresh make-up AC enters in DeNOx zone( I ) 
at first, where NOx reduction occurs with the addition of NH J . The discharged AC from I 
enters into DeSOx zone( u 1, where the majority of the SOX and air toxics adsorption and the 
minor NOx reduction without NH 3 (we call now non-SCR DeNOx) OCCUT. The Sox/air 
toxic=+-loaded AC discharged from n is sent to the regenerator by backet conveyers. In the 
case of NOx with low-SOX or SOX with low-NOx containing flu gas treatments, single AC bed 
system can he designed. D&l summarizes a designed system, &encies and applications of 
GE-Mtsui-BF process. 
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DESULFURIZATION (DESOX) WITH ACTIVATED COKE 
shows the SO 2 adsorption ca@ty of activated coke and a commercial activated carbon 

with fresh one and used one. With fresh one, the SO z adsoqtion capacity becomes hi#- as 
surface area of adsorbent increases. On the other hand, with used one. which has experienced four 
times of desulfurization-regeneration cycle of &bo. test, SO z adsozption capadty of the used 
activated carbon drastically decreased to about one-third of the fresh one, while the used activakd 
cokes, having lower surface area and still less micro-porous than activated carbon, are less 
influenced. There has been seved  obsenations ') of the similar phenomenon with 
activated carbons of those surface area ranging 300-900m '/& where a marked decrease io 
adsorbed SO z amount along with cycle has been explained due to the increase in the amount of 
acidic p u p s  on the surface of activated carbons. It is suppsed that there is an appropriate 
activation level where the SO z 
adsorption-desorption. MMC's activated coke seems to be on a such level. It has been 
confirmed that MMC's activated coke keeps a stable deSOx performance during the process ) . 

shows the characteristics and the deSOx activities measured in labo. test With MMC's 
activated coke, fresh one and used ones, whicb were sampled from two test plants under operation. 
Used ones are characterized with an enlarged surface area, an increased OX: and NK values, and 
an enhanced deSOx activity than fresh one. These changes in h c t e r & c s  are derived horn 
operation conditions, such as the molar latio of adsorbed NH 3 -SOX species on AC and the types 
of reactions(oxidati0n-reduction) between NH s -SOX species and AC surface in regenerator. It 
is noticiable that the surface area and OX: value are higher in used I (the adsorbed NH 3 /SOX 
molar ratio is approx. 02) and N/C value is higher in used U (the ratio is approx 1.5). The 

es( 71 SOX %) of used AC to fresh one relate to both the surface area 
enlargement and the modified surface functionality. It is supposed that k(rate constant) especially 
correlates to NX: and q o (adsorption capacity) relatively correlates to surface area. 71 SOX is the 
highest in used IJ , supporting that N/C is the most influencing hctor to deSOx rate. 
It has been reported that nitrogen-containing activated carbon r e )  and activated carbon fiber ") 

from PAN and brown coal char 
show the remarkable high deSOx 

DENITRIFICATION (DENOX) WITH ACTIVATED COKE 
F m  shows the profiles of two types DeNOgSCR and non-SCR) reactions in labo. tests with 
the used U AC(Tab1e 2), which exhibited a high non-SCR DeNOx activity. Non-SCR DeNOx 
proceeds without NH 3 in gas phase and an active N-species on AC surface seems to react with 
NO& because non-SCR activity is deactivated along with reaction time. NH 3 treatment at 
400-500 "C is effective to reactivate AC for the non-SCR reaction. There has been several 
observations of the effects of NH 3 treatment to activated carbon ' ) and brown 
coal char ' ') on the enhancement of their SCR es. Now, we would like to put 
attention upon the non-SCR DeNOx activity of AC and have interest in the effect of NH I 

treatment on the non-SCR DeNOx activity of AC, because the non-SCR DeNOx is useful as a no 
NH 3 leakage process for flue gas cleanup with AC. We can expect to remove approx lo-'&% 
of inlet NOx concentration with non-SCR DeNOx in the DeSOx zone, where no NH 3 is added in 
gas phase, under codsting of high SOX concentration in the DeSOfleNOx proces(Figure 1). 
The efficiency of non-SCR DeNOx bemmes higher in proportion with lowering of inlet NOx 
concentration. Fieure 4 shows approx 60-70% high efficiencies of non-SCR DeNOx with Uppm 
of inlet NOx concentration. Figure 4 also shows the increasing non-SCR DeNOx efkiency along 
with a cycle testing, where simultaneous deSWdeN0x run, regeneration after the run and NH 3 

treatment at 500 "C to the regenerated AC were cycled 10 times, showing the effect of NH I 

treatment. DeSOx efficiency is also increasing with this cycle test, supporting the effect of NH 3 

treatment on the DeSOx activity of AC(former discussion). Fiwre 5 shows the increasing 
non-SCR DeNOx efficiency with increase of NH 3 treatment amount Although we scarcely 
have information's to identify an active N-species on AC surface, it is probably thinkable that an 
active N-species being produced by NH 3 treatment contributes to the non-SCR DeNOx 
reaction. 

TOXIC REDUCTION WITH ACTIVATED COKE 
The AC process can also remove trace toxic compounds such as mercury and dioxines that are 
present in waste incinerator flue gas. Several pilot and demonstration tests ' '' ' ' ) have been 
done to confirm the ability of the AC process to remove NOx and trace toxic compounds with AC 
from waste incinerator flue gas at low temperature, where the mercury removal efficiencies of 
approx. 80-906 at 150-180 "C and the dioxines removal d u e n d e s  of approx 90-985 at the 
same temperature range were observed. 

adsorption capcity is less influenced with the cycle of SO z 

acid activation followed by ammonia treatment ') 
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CONCLUSION - The dry DeSO~eNOx/l'oxic removal process with activated coke is applicable for various flue 
gas cleanup with high efficiencies(Tab1e 1). - Activated coke has an appropriate activation level where the SO z adsorption capacity is less 
iniluenced with the cyde of SO adsorption-desorption. It has been confirmed that MhXC'S 
activated coke keeps a stable deSOx performance during flue gas cleanup process. 
It is supposing that NX: value of AC is iniluencing factor to the deSOx activity. 

* Activated coke has non-SCR DeNOx activity, which proceeds without NH 3 in the gas phase. 
The non-SCR DeNOx is useful as a no NH 3 leakage process for flu gas cleanup. 
It is supposing that an active N-species being produced by NH a treatment at 400-500 "c 
contributes to non-SCR DeNOx. reaction. 
Activated coke can also remove trace toxic compounds such as mercury and dioxines with high 
efficiencies from flue gases of waste incinelators and coal combustion boilers at low temperature. 
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I: 4 N 0  + 4 N H 3 +  02 4N2+ 6 H 2 0  
E: SO2 + 1 /202 + H2 0 --+ H z  SO4 /AC m: H 2 S O 4 +  1/2C+S02+ H 2 0  + 1/2CO2 

Fieure 1 : The combined SOxNOx/Air toxics reduction Drocess usinn AC 
( GE-Mitsui-BF Process / Schematic flow diagram with twin AC beds ) 
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Table 1 : A designed system and efficiencies of GE-Mitsui-BF process applications 

\ 

J l u e  Gas B s v s t e m  a Adcations 

SOX and NOx Twin AC beds 0 SOX 2 98% Utility boilers 
* I )  NOx b 80% RFCC units - Other industries 

NOx Single AC bed - 71 NOx t 80% * FBC boiler 
with-low s o x  7l s o x  2 98% * Wasteincinerator 

(After pre-saubber) 

sox Single AC bed - v SOX 2 98% * Combination with 
with low-NOx - non-SCR DeNOx other DeNOx system 

m t e d  
AU systems can remove trace toxic materials such as Hg vapour and dioxines with high 
.efticiencies. 

' uoo Fimre 2 : The adsomtion canacities of 
Activated coke and Activated carbon 0 500 

BET Surface &res Inz/s 1 

- Used samples are those after Uie 4th cycle of deSOx 
(SO t 2000ppm 0 I 5%, H I 0 10%) at 130 'C and regeneration under N I at 400 

* SO I adsorption capacity was measured by contacting lDce of AC sample 
with SO I containing gas Uow(S0 n 2%. 0 I 5%. H I 0 10%) at 100 'C for 3hours. 

. 

Table 2 : The characteristics and DeSOx activities of sampled AC from test plants 

AC sample Surface areah '/e) Elernental.analvsis DeSOx Activih flab. test1 

Fresh 150 150 ' 0.019 0.012 64.7 387 0.87 
Used I 300 500 0.073 0.034 91.3 4.62 2.15 
Used U 230 270 0.046 0.040 98.3 5.82 1.78 
Used 1 and U were sampled at the operation time of appmx. 4OOOhours from the outlet 
of regenerator of test phot I and U , respectively. 

NH a was added after DeSOx zone( n ). The adsorbed NH I ISOX molar ratio was appro= 
0.2 [SOX rich] with AC of the inlet of regenerator. 
Test plant U was a DeNOx plant with single AC bed, which is almost equivalent to the 
DeNOx zone( I ) in Figure 1. 
1.5 PiH a rich] with AC of the inlet of regenerator. 

SICOz) S M z )  OK NX: n SOX(%) k(1 0 ' )  ao(1O'l 

* 

* Test plant I was a DeSOx/DeNOx plant with twin AC beds as illustrated in Figure 1. 

The adsorbed NH I /SOX molar ratio was approx 

* DeSOx activity was measured by contacting 4.3 litera of AC sample with 28.7 liters of 
SO z containing gas flow (SO z ZOOOppm, 0 2 596, H L 0 10%) at 130 "c , 
;n SOX is the DeSOx effxiencfiaverage of integratioo during 25 hours reaction) 

k is the deSOx reSCtion rate constant 
q o is the amount of adsorbed SO2 at equilibrium condition. 
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ITest Conditions] 
SV 400h ' , Temp.140 C 
NO ZGQppm 
NH I 200pprdSCR) or none(non-SCR) 
0 a 5%. H a 0 7%. N I Balance 
Used II AC(Tsble 2) was tested. SCR(with NH I ) 

'. 
*---.__ - _  -._ 

(without NH I ) 

0 20 4 0  60 80 100 
Reaction Time : Hr 

Fieure 3 : The DeNOx orofile of SCR and 
GJon-SCR reactions on Activated coke 

DESOx [Adsorbed SO I : mgS0 I /gACl 

8 80 

M 

50 

C y c l e  N u m b e r  

Firmre 4 : The effect of Mi I treatment on Non-SCR DeNOx and DeSOx activities of& 

* DeSO*/DeNOx Run Conditions : SV 400h ' , Temp.140 1: , Tune 70Hr 
NO 24ppm. SO I 600ppm. NH I * '  250ppm. 0 I 5%, H I 0 7%. N I Balance 
*)NH 8 will react with SO s almost selectively. SCR DeNOx can't pmceed. 

* Efficiencies denotes an average of htegrabon dunng 70 hours reaction 
* NH I leakage was not detected during the DeSOfleNOx test run. 

NH I tteatment (1.4BccNH I /ccAC) was done at 500 'C to the regenerated AC 
* Testing AC is a used AC sampled Imm another test plant ddfering from I , U (Table 2). 

IO0 

as 
5; 
I 
4 ao 

o/-%l 
w 

r2 Q 1 0 -  
[ I  o<L2001 851 

9 6 0  / [Removed NOx : mgN0 I /gAC] 
' 

I 

0 4  0 8  1.'2 ' 1'6 i 24 ' 
MI3 Trulment (cc-NH~/cs-ACC) 

Feure 5 : Jncreasinn Non-SCR DeNOx activitv with increase of NH a treatment amount 

Test conditions is the m e  as Figure 4. 
* Used u AC(Tab1e 2) was tested. 
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The Use Of Activated Char For Flue Gas Polishing In 
Municipal And Hazardous Waste Combustors 

Hans-Ulrich Hartenstein 
L. B C. Steinmuller GmbH, Gas Cleaning Division 
Fabrikstrasse 1, 51643 Gummersbach, Germany 

Keywords: Activated Char Reactor (ACR), Flue Gas Polishing, Municipal and 
Hazardous Waste Combustors 

INTRODUCTION 
During the late 1980's and the early 1990's legislation on emissions from waste 
combustors were tightened drastically [l, 21. Also emission limits on .new" pollutants 
like dioxins and furans were introduced. Since the flue gas cleaning equipment 
commonly used before was not designed to meet these emission limits, new 
technologies had to be developed. Most of these new technologies rely on the use of 
activated carbon or char for the adsorption of the pollutants [3]. 

Due to the fact that the amount of activated char used is directly proportional to the 
mass flow rate of pollutants entering the adsorber, the bulk part of the pollutants has 
been removed in the preceeding gas cleaning stages. Thus the activated char 
adsorption reactor is employed as a flue gas polishing stage at the end of the APC- 
train. 

In 1984 Steinmuller and its 100 % subsidiary, Hugo Petersen, began to develop flue 
gas filters for large volume flow rates based on the use of activated carbon. The original 
goal of development was the removal of residual SO2 left after the FGD-scrubber, in 
order to eliminate the problem of ammonia sulfate formation in lowdust SCR-DeN0,- 
systems. Shortly after that the catalytic capability of activated carbon to reduce NO, in 
the presence of NH3 was recognized; as well as the suitability of this technology for the 
flue gas polishing of waste incinerators. In the latter case the removal capability of 
activated char for a wide range of different pollutants, mainly organics, like PCDDIF's, 
PCBs, PAH's, etc., highly toxic heavy metals such as Hg, Cd, Pb, etc. and acid gases 
was of primary interest. 

ADSORBER DESIGN 
The Steinmuller / Hugo Petersen ACR-technology follows the crossflow principle. 
Where as the char migrates through the ACR-adsorber vertically from top to bottom, the 
flue gas flows through the activated char bed horizontally. Figure 1 shows the concept 
of the adsorber providing a vertical cross section of an activated char bed. Each bed 
consists of 3 individual layers separated by a perforated shroud. Each layer can be 
extracted independently, according to its pressure drop, saturation or other guiding 
parameters. As described in previous papers [4, 5, 61 especially designed cellular 
discharge cylinders at the bottom of each bed allow the extraction of a precisely defined 
amount of activated char from each layer individually. Besides a minimization of char 
consumption, this multilayer design allows for the adaptation of the discharge program 
to the well known selective adsorption characteristics of the various pollutants [6, 71. 
Figure 2 shows how the multilayer design is matched to the characteristic 
concentrations of adsorbed pollutants within the char bed. The fresh char is conveyed 
to, and evenly distributed within, the bed by screw conveyors on the top of the bed. The 
flue gas inlet as well as the outlet of the bed perform important tasks for the correct 
operation of the filters. The gas outlet insures the retention of even small char particles 
within the bed. The compounds with a high molecular weight are adsorbed quickly 
within the first few inches of the activated char, thus pushing the lower molecular weight 
compounds towards the end of the bed. Due to this reason HCI leaves the bed first, 
indicating an approaching break-through. 

The size of a bed is limited due to specific restrictions, such as the height-of the bed, 
the lengths of the screw conveyors and the discharge cylinders. In order to allow the 
treatment of large volume flow rates one adsorber unit can be expanded to contain 2, 4, 
6 or 8 beds. In this case each bed acts as an individual module within the ACR-unit. 
Figure 3 shows such an arrangement. ACRs built by Steinmuller I Hugo Petersen 
treating volume flow rates between 5.000 and 250.000 m3/h and containing up to 8 
modules are in operation in power plants as well as in municipal and hazardous waste 
combustors. 
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Table I presents a summary of the emission data collected at these facilities. It has to 
be pointed out that the extremely low emission values reported were measured over a 
longer period of time, thus accounting for the fluctuations in the inlet pollutant 
concentration. 

The removal efficiency for acid gases, heavy metals and high molecular weight organics 
was determined to range in the 99.9 % to + 99.99 % region. Especially for acid gases 
the buffering capacity of the ACR-plant is remarkable. The outlet value of below 1 
mglm’ @ STP for SO2, for example, remained unaffected even by extremely high peak 
inlet concentrations of up to 700 mg/m’ @ STP. 

I 

I 

1 

i 

1 

410 

1 
1 
1 

Due to the very low outlet concentrations of the various pollutants, significant difficulties 
were encountered concerning sampling and analysis. Very much care has to be taken 
regarding the stack sampling and analytical procedures in the lab in order to ensure a 
reasonable accuracy and precision of the results. 

ACR-RETROFITS TO EXISTING MWC‘S AND HWC‘S 
During the early 1980s a significant number of MWC’s and few HWC’s were built using 
an APC-train comprised of an ESP, a spray dryer and a baghouse. Representing the 
state-of-the-art technology 10 to 15 years ago, these APC-trains are unable to meet the 

r 

1 
I 

I 
4 
I 
I 

stringent emission limits introduced in the early 1990’s. Therefore those plants had to 
be retrofitted. A spray dryer I baghouse cornbination is capable of removing 90 to 95 % 
of the pollutants. However, it usually fails to meet the required emission.limits by a 



I 

i 
It is followed by a multi-stage wet scrubbing system designed to 'recover hydrochloric 
acid from the removed HCI and wall board quality gypsum from neutralized SO2 [SI. The 
heat losses through evaporation in the scrubbers are minimized by employing a cross- 
flow heat exchanger. It cools the flue gas before entering the first scrubber and then 
reheats the flue gas after leaving the second scrubber. Thus the flue gas is prepared for 
the final polishing by the ACR before it enters the stack via a LTSCR-DeNO, plant. To 
adjust for the appropriate LTSCR-temperature the compression heat liberated in the fan 

advantages of LTSCR as described elsewhere [ I O ]  are ideally enhanced in combination 
with an ACR. 

CONCLUSION 
Today, little over 5 years after the introduction of new and stringent emission 

II provides a list of installations of new and retrofitted MWC's and HWC's in Holland, 
Germany and Austria employing ACR. In these countries the market share of the ACR- 
technology with respect to other technologies ist about 35 % in the retrofit market and 
about 65 % in the market for new facilities. The ACR-technology developed by 
Steinmuller I Hugo Petersen was not only the first of its kind but still leads the way. As 
can be seen in Table 111, Steinmuller I Hugo Petersen holds about 50 O h  of the ACR- 
market for power plants and municipal and hazardous waste combustors. The ACR- 
technology integrated in a modern state-of-the-art multi-stage APC-train represents the 
leading edge of pollution control for HWC's and MWC's. The fast increasing interest in 

Taiwan and the US-leads to the expectation that ACR will soon be considered the best 
available control technology not only in Europe but all over the world as well. 
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Table I Emission Data Obtained at Various Full-Scale 
MWC's and HWC's 

I I I I I I 
or- 1 PCDD I O.O= 1 0.M61 I ndm3 

I PCDF I I I 0 . 0 2 ~ ~  I 0.0223 I n.s/m3 
I TEQ (NATO CCMS incl 'x the I 

< meam that the actual value is below the given number, which rep-& the dntion limn 
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Table I1 List of Installations equipped with activated char adsorbers 
in Austria, Germany and the Netherlands 

ESP 
SD 
so2 
ACR 
SNCR 
LTSCR 
Mw 
ss 

AE I STEAG 
IN1 I WKV 

= electmstatc precipitator 

= SOrswbber 
= acthated char reactor 
= aekcth non catalytic reduction 
=low lernprature Wedive catatyik redudon 
= municipal waste 
= smage sludge 

= Auafian Energy 8 Ermmnment / STEAG AG 
= Integral Engineering I Gmchowsld 

= spray dryw 
FF =fabric RUM 
HCI = HCCYmlhzr 
DIP =direct in]ection pmcess 
ACCR 
SCR = selecliw catalytic reduction 
SCR-OC 
Hw = hazardous waste 
cw = clinical waste 

LUT / WKV 
LCS I HP 

= activated catimn catatyik reduction 

= SCR + addation catalyst 

= Lentjes Umweiltnhnik I GmhOMlld 
= L. 8 C. Steinmuller GmbH I Hugo petemen 
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Table Ill Market Share of Steinmuller I HP of ACR for Power Plants and 
Waste Combustors in January 1996 

Total Number of Plants (larger than 5.000 m3/h) : 84 
delivered by 

LCSIHP 50.0 % 
LUT/INT 22.6 % 
AWSTEAG 21.0 % 
Uhde' 3.6% 

Total Volume Flow Rate treated : 11.045.000 m3/h net @ STP in ACRs by 

LCSIHP 47.2 % 
LUTIINT 22.6 % 
AUSTEAG 21.0 % 
Uhde' 9.2 % 

LCSIHP 
LUT/lNT 
AEISTEAG 
Uhde = Uhde Engineering GmbH 

= Steinmirller I Hugo Petersen 
= Lentjes Umwelttechnik I Integral Engineering 
= Austrian Energy & Environment I STEAG 

Uhde gave up the ACR product line in 1990 after delivering only 3 ACR units for 
power plants 
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Figure 4 1 7 .  BIrnSchV Retrofittof  en Existing Hwc 
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THE APPLICATION OF ACTIVATED CARBON ENHANCED LIME FOR CONTROLLING 
ACID GASES, MERCURY, AND DIOXINS FROM MWCS 
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Manyam Babu and William Carlson 
Dravo Lime Company, Pittsburgh, PA 

I Key Words: Activated Carbon, Dioxins, Mercury 

INTRODUCTION 
Environmental control agencies have sought to reduce Municipal Waste Combustor (MWC) emission 
rates by the implementation of new regulations. Examples of these regulations are Germany's 17th 

Source Performance Standards (NSPS) and Emission Guidelines; and recent regulatory actions in 
Minnesota, New Jersey, and Florida to adopt Hg standards for MwCs. 

Sorbalit is an activated carbon enhanced lime process that reduces MWC emissions and has been 
successfully demonstrated in Europe and the U.S. The process consists of two components: I)  a 
specially developed agent characterized by a high adsorption material capable of adsorbing toxic 
elements and acid gases, and 2) highly efficient air pollution control systems used by MWCs and 
various other types of combustion sources, which provide through agitation, a vortexing of the 
adsorbing agent mixture in a collection device, usually a fabric filter or ESP. 

This paper presents the theoretical design of the Sorbalit technology. Actual field test results 
illustrate applications that reduce the concerns related to mercury and dioxin emissions based on 
practical experience. The adsorbing agent is described in detail and results obtained in various types 
of air pollution control systems which are applicable to the U.S. are presented. 

THE SORBALIT SYSTEM 
Sorbalit is a patented system for controlling emissions of acid gases, mercury, and organics in a 
single application. The sorbent component of the technology is produced by mixing lime, either 
calcium hydroxide or calcium oxide, with surface-activated substances such as activated carbon or 
lignite coke and sulfur-based components in a proprietary process. Sorbalit can be produced with 
carbon contents ranging from 4% to 65% depending on the operational requirements of each project. 

The Sorbalit process produces a homogeneous formulation containing calcium, carbon, and sulfur 
compounds that will not dissociate (demix) when used, either in a slurry or dry form. It is 
particularly important to avoid flotation or separation of the carbon and sulfur substances that have 
been added to the lime. To maintain product quality and effective levels of air pollution control, 
the components must stay as a uniform mix from the manufacturing process through transportation 
and use in the air pollution control system. 

Theory of Lime Adsorption 
Lime is the largest component of Sorbalit and has the primary role of adsorption of the acid gases 
present in the flue gas such as SOz, HCI, and HF. Calcium oxide (CaO) is called "pebble lime" 
or "quicklime". Hydrated lime [Ca(OH)J is made from CaO by adding 32% by weight of water 
in a hydrator. CaO is not very reactive with acid gases for scrubbing at the temperatures and 
conditions that exist in MWC fac es and has to be converted into the hydrate form to be reactive 
in scrubbing systems. CaO converts to Ca(OH), in the slaking process in which four parts of water 
are added to one part CaO to form Ca(OH), in a slurry that has about 25% solids. This conversion 
requires two phases that takes place in a slaker. The first phase converts the CaO into Ca(OH), . 
The second phase is to convert the hydrate by mixing 3.96 Ibs of free water with one part hydrate 
that results in a 25% solids slurry. 

Theory of Carbon Adsorption 
The adsorption of mercury and organics such as dioxin into activated carbon and coke is controlled 
by the properties of both the carbon and the adsorbate, and by the conditions under which they are 
contacted. This phenomenon is generally believed to result from the diffusion of vapor molecules 
into the surface of the carbon. These molecules are retained at the surface in the liquid state 
because of intermolecular or Van der Waals forces. 

As the temperature falls, or as the partial pressure of the vapor above the carbon rises, the average 
time that a molecule resides on the surface increases. So does the fraction of the available surface 
covered by the adsorbate. However, the carbon surface is not uniform and consists of sites whose 

\ Federal Regulation on Emission Protection; the Clean Air Act Amendments of 1990; EPA's New 

'\ 
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activities vary. More active sites will become occupied first and, as the activity of the remaining 
available sites decreases, the adsorption energy will change. 

The physical structure of activated carbon and coke is not known in detail, but it is believed to 
contain randomly distributed pores in the carbon, between which lies a complex network of irregular 
interconnected passages. Pores range in diameter down to a few angstroms, and provide a internal 
surface area from 300 to 1,000 m2/gram of carbon. The volume of pores at each diameter is an 
important variable that directly affects carbon performance. Diagrams illustrating the structure of 
carbon particles and the adsorption of dioxin and mercury are presented in Figures 1 and 2.  

Since adsorption takes place at the carbon-gas interface, the surface area of the carbon is one of the 
most important factors to consider. The second factor is the pore radius distribution. Laboratory 
bench scale tests have shown that both increasing the surface area and the addition of sulfur 
compounds result in higher adsorption rates of elemental mercury @go). Most of the laboratory 
work on carbon adsorption has been done on Hg”, not with the Hg compounds we normally See in 
MWC emissions and without humidification. 

Field tests at MWCs injected with carbon products with a wide range of surface areas have shown 
that there is not a significant improvement in Hg (total) capture based on the increased carbon 
surface area. It is important that laboratory programs be developed that simulate field conditions 
to consider the effects of the surface area of various products. Since high surface area products 
are more expensive, their performance advantages and cost trade-offs have to be demonstrated. 

However, the surface area must be available in the proper range of pore sizes. If too much of the 
area is available in pores smaller than 5 A, many molecules will be unable to penetrate the pores 
and that area of the carbon will essentially be unavailable for adsorption. For most pollution-control 
applications, the surface areas of pores whose diameters range between 5 and 50 A yield good 
efficiency rates because the relative pressure of the vapor is usually too low for the larger pores to 
become filled. At high relative pressures, however, the total pore volume becomes important 
because the macropores also become active. 

The adsorption of benzene, for example, has been shown to be affected by pore size distribution. 
At high benzene concentrations, carbons in which large pores predominate have higher capacities 
than those in which medium or small pores predominate. But at low concentrations, the large-pore 
carbon has a lower capacity. 

The size of the Hg” molecule is approximately 4.5 A and the dioxin molecule is 10 A x 3 A. Both 
molecules are adsorbed in different parts of the carbon particle. In theory, dioxins are collected in 
the macropores while the mercury is collected in the micropores. Dioxin, being larger, blocks the 
passages, preventing mercury from entering the micropores. To increase the mercury capture rate, 
the amount of carbon used must be significantly increased, the surface area of the carbon must be 
increased, or sulfur added. 

The carbodmercury balance has been established through laboratory experiments where they found 
that under ideal conditions, three grams of carbon will adsorb one gram of mercury. However, in 
operating facilities, considerably more carbon is required to reduce Hg emissions from 600 pg/Nm3 
to 70 pg/Nm3; approximately 300 grams of carbon per gram of Hg are used in MWC applications 
with a baghouse operating at 135°C. 

The actual adsorption capacity of carbon is affected by: 
Gas temperature 
Flue gas moisture 
Inlet concentrations of Hg 

Q Species of Hg 

The effects of each of these variables has not been quantified. However, field test programs have 
demonstrated the relative effect that flue gas temperature has on Hg adsorption as follows: 

Acid content of the flue gas 
Concentration of organics such as dioxin 
Type of carbon used and surface area 
Contact time 

CarbonlCoke Adsorptiou 
Elue Gas “6 &b&L 
135 - 145 300 - 400 
145 - 165 ’ 400 - 500 
165 - 185 500 - 600 
185 - 200 600 - 800 
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Theory of Sulfur Adsorption 
The addition of sulfur compounds to the process plays a major role in the adsorption of mercury but 
not in the adsorption of dioxin. Sulfur's role in the adsorption is two fold, first the sulfur 
compounds maintain the active state of the carbon. Activity is defined as the amount of open pores 
in the carbon. Sulfur's role is to keep these pores open and to allow the mercury to get into the 
sub-structure pores. The exact process in which the sulfur keeps the pores open has not been 
defined. One theory is that the sulfur reacts with water which is adsorbed or is on the surface of 
the carbon particles to form an acid that penetrates the pores. No measurable acids have been 
observed when applying Sorbalit, most likely because any excess acids would react with the lime. 

The second role for sulfur is converting Hg" to a sulfate. Hg" is more difficult to capture than 
Hp2CI,, which is the predominant species in MWC emissions or Hg2S04. Hg" accounts for only 
5 %  to 10% of the total mercury emissions from an MWC. Flue gas constituents such as SOz can 
reduce the dissolved HgCl, to Hg" that is driven into the gas stream due to its poor solubility. 

SOz + 2 HgCI, + H,O =1 SO, + Hg2C12 + 2 HCI 
Hg,Cl, * HgCI, + Hg t 

The adsorption capacity of carbon is affected by formation of sulfuric acid on the carbon owing to 
adsorption of the flue gas constituents SO, and H20: 

soZ,gw e ads 

a& + 1/2 02,0ds * 'O3. a& 

SO,, a& + HzO * HZ SO,, ad8 

Hg" then reacts with the sulfuric acid to form mercurous sulfate (Hg,SO,) or in the presence of 
excess acid mercuric sulfate (HgSO,): 

2 Hg + 2 H,SO,, = HgzSO,, + 2 H,O + SO2 or 
HgzS04,,ds + 2 HzSO4,ads * 2 HgSOd..d, + 2 HzO so, 

Since the lime component of Sorbalit removes the SO, from the flue gas, some adsorption capacity 
of the carbon for Hg" is diminished. The sulfur component in Sorbalit added during manufacturing, 
replaces the missing SO, and enhances the adsorption of Hg". Mercuric chloride does not react with 
the sulfuric acid, but is dissolved in sulfuric acid. 

Recent tests have demonstrated the significance that sulfur plays in capturing Hg. The test program 
conducted at the Marion County, OR MWC showed Sorbalit captured more Hg (total and vapor 
phase) than dry carbon injection. To determine the equivalent performance of carbon and Sorbalit, 
both were injected at the same carbon feed rate of 5 lbs/hr. Sorbalit captured 87.7% of the total 
Hg while carbon injection captured 84.2%. More importantly, Sorbalit captured 83.2% of the vapor 
phase Hg while carbon collected 77.6%. 

Hg emissions from coal fired plants are significantly different in two ways from those of MWCs. 
First, the uncontrolled Hg emissions from U.S. eastern coal ranges from 8 to 30 pg/dscm while a 
typical mass burn MWC would emit 600 pgldscm. Secondly, since there is a relatively low chlorine 
content in coal, the percentage of vapor phase Hg is much higher than in a MWC. As a result, the 
capture of Hg emissions is more difficult via dry injection. In a test program on a coal fired plant, 
Sohalit captured between 44% to 55% of the vapor phase Hg while carbon injection only captured 
10% to 15%. These tests were conducted under difficult Hg capture conditions: high temperatures 
and low moisture. 

AREAS OF APPLICATION 
In its simplest form, the air pollution control system consists of a duct or pipe, through which 
Sorbalit is injected into the flue gas, and a fabric filter or ESP located down stream. This simple 
solution has an economic advantage because it is easily integrated into existing plants without having 
to expend significant capital for new equipment. 

This Section deals with the applications for the air pollution control systems employed in various 
waste treatment plants. Systems which are typically used in MWCs include dry injection, water 
conditioning followed by dry injection, and spray dryer technologies. Since spray dryer application 
will become standard practice in the U.S. we will only present data on this technology. Data on 
other technologies has been previously published. 

MWC Marion County, OR 
In July of 1992 Sorbalit was tested at an MWC in Marion County, Oregon. Tests were conducted 
on Unit #1 which is rated at 10.4 Mt/h (275 T/D) of MSW. The air pollution control system 
consists of a spray dryer and a fabric filter. During the test program, up to .75 Mt/h (20 T/D) of 
medical waste was also combusted in the units. 
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Sorbalit was injected dry after the spray dryers in the dry venturi feed duct and before the pulse jet 
fabric filter at a flue gas temperature of 148°C (300°F). Seven efficiency tests were &rforrned Over 
the four day test program. The inlet concentration averaged 935 pgldscm) @ 12% C02 and ranged 
from 508 to 2,695 pg/dscm’ @ 12% C02. The outlet emissions averaged 131 pgldscm’ @ 12% 
C02 and ranged from 10 to 465 pgldscm’ @ 12% CO,. The average Hg removal efficiency for the 
test program was 87.7%. 

Hazardous Waste Incineration Plant SchtineichelBerlm 
The incineration plant at Schoneiche near Berlin, in the former GDR, has a hazardous waste 
capacity of 2.3 Mt/h (60 T/D). Flue gases down stream of the boiler are cooled to a temperature 
of 140°C (284°F) by water sprays. The gas volume rate during the test was 31,000 Nm’/h (19,657 
scfm). The plant decided to use the carbon enhanced lime technology because it was the only way 
in which the approved limits for mercury could be achieved without the addition of new control 
equipment. Before the use of Sorbalit, hydrated lime was employed as the adsorbing agent. 

Mercury test measurements made in January 1990, on the untreated flue gases before and after the 
injection of Sorbalit are shown Table 1. The measurements showed that reductions in Hg emissions 
were in excess of 88%. These figures represent values well below the maximum emission limit for 
mercury as stipulated in the German’s 17th Federal Pollution Control Directive (17.BimSchV). 
Since the initial test, over 80 measurements for mercury have been made, confirming the initial test 
results. 

The Table 1 shows the respective levels of the dioxin and furan concentrations in the untreated and 
in the cleaned flue gases. The dioxin concentration in the Sorbalit treated flue gas was undetectable 
in some cases. 

Concentrations of polychlorinated biphenyls (PCBs) in the untreated and in the cleaned flue gas were 
also measured. The values are shown in Table 1. The level of PCB content in the untreated flue 
gas was 130 ng/Nm’. Various types of PCBs were no longer detectable in the cleaned flue gas. The 
high rate of removal of the PCBs also leads us to the assumption that additional heavy 
superchlorinated compounds such as hexachlorobenzene and hexachlorocyclohexane are removed 
from the flue gases. Separation rates for the polyaromatic hydrocarbons cannot be established until 
the relevant measurements are available, however, high levels of removal are expected. 

It should be emphasized again that these levels for the treated cleaned flue gases were attained 
without any modifications to the plant or the air pollution control system. The viability of the 
concept of improving a flue gas cleaning system via the use of modified hydrated lime with carbon 
is thus confirmed. The air pollution control system at the Schoneiche hazardous waste incineration 
plant has been using Sorbalit since December 1989. About 50 dioxin measurements have been taken 
since; never have the limits been exceeded. 

Hazardous Waste Incineration Plant Schweinfurt 
At the hazardous waste plant at Schweinfurt 2.5 Mt/h (66 T/D) of hazardous waste are converted 
to energy. The flue gas volume rate is 28,000 Nm’/h (17,755 scfm). The original plant consists 
of a pebble lime slurry preparation plant (slaker) with a spray dryer and a pulse jet fabric filter. 
In the retrofit, instead of the traditional lime slurry, a Sorbalit with 3% carbon suspension was 
employed, with no further modifications to the plant being employed. Test results showing the 
range of emission reductions for dioxin and mercury are presented in Table 1. Based on these 
results, the test program was immediately followed by continuous operation. 

CONCLUSIONS 
When an activated carbon enhanced lime product such as Sorbalit is employed, the following 
emission values have been reliably attained: 

< 50 pg Hg/Nm3 for mercury at 11 % 0, (70 pg/Nm3 at 7% 02) 
< 0.1 ng TEQINm’ for dioxin and furans at 11 % O2 
Reduction to the detectable limit for PCBs 
EPA’s NSPS and Emission Guidelines for SO, and HCI 

Furthermore, the use of this technology in waste combustion processes obtains a number of 
advantages in process engineering and modification to the facilities involved. Sorbalit can be stored 
and added using standard lime and hydrated lime handling equipment. In retrofit applications where 
lime or hydrated lime is used, no new equipment may be required. Material handling equipment 

S, from the supply silo through conveying F d  dosing equipment to the mixing lines, 
filters, and flow controllers, all remain in use. 

The gas cleaning process, that is, the injection of Sorbalit into the flue gas flow, followed by 
vortexing of the flow and subsequent separation on the fabric filter or ESP, can be installed as a 
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INTRODUCTION 
Well dispersed CaO particles play an important role in some 
heterogeneous solid-gas reactions. Examples are the carbon-gas 
reactions catalyzed by calcium and the SO2 retention by calcium- 
based sorbents. In these solid-gas reactions the characteristics of 
the CaO particles (i.e., dispersion, available surface area, etc.) 
have to be known to understand their behavior and their catalytic 
activity. Unfortunately, the characterization of well dispersed CaO 
particles by XRD does not give valuable inf~rmationl-~. 

selective CO2 chemisorption has been deeply analyzed to 
characterize both CaO and CaO-carbon samples; thermodynamic 
arguments and details of the method have been discussed elsewhere3- 
5 .  The results show that CO2 chemisorbs on CaO in an irreversible 
manner, and is restricted to the surface of the CaO particles, 
provided that the chemisorption temperature is lower than 573K. 
Therefore, this technique allows to assess the available surface 
area of the particles (active calcium) and consequently CaO 
dispersion. These two parameters were used to interpret the 
catalytic activity of calcium in different carbon-gas reactions. 
The usefulness of the method has been shown, gasification rate 
shows a close relationship with the area of the CaO  particle^^'^,^. 
Based on the above results, and considering that the S02-Ca0 
interaction might depends on the surface of CaO. the C02 
chemisorption has been used to characterize the SO2 retention by 
CaO prepared from thermal decomposition of several limestones*- ''. The observation that SO2 retention at 573K depends strongly on 
the dispersion and surface area of the CaO particles leads u s  to 
propose the use of carbon supports to improve the dispersion of the 
CaO particlesl1,l2. In this context, this paper extends and 
analyzes the usefulness of the C02 chemisorption method to 
characterize the active calcium in a wide variety of CaO-carbon 
samples. Several parameters, preparation conditions, nature of the 
calcium compounds, porosity of the carbons, etc. have been used to 
vary the available surface of the CaO particles. 

EXPERIMENTAL 
CaO_. CaO samples were prepared by thermal decomposition of 
commercially available CaC03 and several limestones of very 
different origins. Decomposition was carried out in a thermobalance 
(Stanton-Redcroft ) as described elsewherel'. 

Cao-carbon scuardai .  A large number of samples of calcium 
containing carbon have been selected for this study. The samples 
have been prepared varying calcium precursors, calcium content, 
carbon support properties (porosity, surface area, surface 
chemistry. etc.). and preparation methods (impregnation, ion- 
exchange). 
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' . As described elsewhere314 the sample (CaO or 
CaO-carbon) is heated in N2, at ZOK/min, up to 1173K, subsequently 
it i s  cooled to 573K and then N2 is switched to C02. From the C02 
uptake, and assuming that one C02 molecule chemisorbs on one CaO 
site (1:l stoichiometry), the number of calcium atoms, the 
available surface area and dispersion can be estimated3* '. 

%- 

.   so thermal SO2 retention measurements 
of calcium-based samples were mainly performed by TG at 573K (other 
temperatures have also been tested). Details of the procedure used 
are described Prior the retention run, the sample 
was heated, at 2OK/min, up to 1173K, in a N2 flow (60 inL/min), for 
10 min. Subsequently, the sample was cooled to 573K and N2 flow was 
changed to a gas mixture containing 0.3 vol% SO2 in He. The amount 
of S O 2  retained by the sample, after 1.5-2 h of reaction, was 
determined by the increase in weight. 

RESULTS AND DISCUSSION 
The retention of SO2 by CaO has been analyzed in our laboratory in 
a wide range of reaction temperatures (298-1173K)8-10. At 
temperatures lower than 673K the interaction of SO2 with CaO forms 
CaS038-10,13r14, being this compound an intermediate of the 
formation of Cas04 at higher temperatures8-10,14 'I5. Depending on 
the reaction temperature considered (Tc 673K) two processes are 
distinguished during the formation of CaS03. For higher 
temperatures than 573K the formation of Cas03 occurs through a bulk 
process, however at temperatures below 573K, the SO2 retained 
produces surface CaS0310, both in presence and in the absence of 
02, through the reaction9: 

=2- 

Cao(surface) + SO2 ---> Cas03 (surface) 

Figure 1 presents the isothermal retention of SO2 at 573K. 
expressed as mol of SO2 retained per gram of sample, versus time. 
After a period slightly over lh, the uptake of SO2 is practically 
constant. The S02-Ca0 surface reaction is confirmed on a large - 
number of CaO by the observation that the ratio between mol of SO2 
(obtained from runs like that of Figure 1) per mol of CaO on the 
surface (determined from C02 chemisorption) is very close to one 
(see Figure 2). The extend of this surface reaction can not be 
explained by referring to any "classical" textural parameter of the 
limestones (N2 (BET) surface area, pore volume, etc.) or those of 
CaOlO. On the contrary, an interesting correlation between the SO2 
retention degree and the surface CaO is obtained, as shown in 
Figure 2 .  From this correlation, that shows the importance of the 
CaO surface area, it follows that the higher the dispersion of CaO, 
the higher the retention of S02. By selecting systems with high CaO 
dispersion12. the efficiency to retain SO2 can be increased. 
Activated carbons can act as dispersing agent as it is shown next. 

A large number of CaO containing activated carbons prepared with 
different type of activated carbons, calcium compounds, calcium 
loadings and method of preparation have been selected for this 
study. Figure 3 compiles the SO2 retention by these CaO-carbon 
samples which have been determined at 5733 from runs similar to 
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that of Figure 1. It is interesting to note that samples containing 
less than 15% in weight of calcium exhibit retentions similar to 
those of bulk CaO (Figures 2 and 3). 

The so2 retention (Figure 3) shows a marked dependence on the 
calcium content. Increasing the calcium content, the available CaO 
surface will increase, if there is not an important loss of 
dispersion. Figure 4 presents the C02 chemisorption data plotted 
versus calcium content of the supported samples. The results show 
that activated carbons act as good dispersing agents, they allow to 
increase the available CaO surface in respect to unsupported CaO. 

Despite some data dispersion, both Figures 3 and 4 indicate that 
correlations between the calcium content and the CaO surface or the 
so2 retention exist. Figure 5, that presents the SO2 retention per 
gram of sample versus the CaO surface, confirms the existence of a 
correlation among SO2 retention and CaO surface as observed for 
unsupported CaO (Figure 2). Nevertheless, two aspects of Figure 5 
need to be pointed out: 1) the ratio mol S02/mol CaOS is usually 
higher than unity, contrary to that found on Figure 2 for 
unsupported CaO. It means that the SO2 retention by CaO-carbon is 
not restricted to the CaO surface and that some bulk CaS03 occurs. 
2 )  this behaviour is more pronounced in highly dispersed CaO (high 
CaOs values) . 
To prove the formation of bulk CaS03, SO2 retentions have been 
conducted at different temperatures. Figure 6 presents the results 
obtained on two CaO samples (unsupported and supported one). An 
important shift to lower temperatures (about 200K) is observed in 
the transition from surface to bulk Cas03 formation. in the case of 
carbon supported CaO. For practical applications of these supported 
CaO samples to remove S02. the observation that in the temperature 
range of 573-673K the CaO conversion is almost 100% is very 
interesting. It has to be noted that the application of these 
results is based on the fact that CaO can be regenerated, and hence 
reused for SO2 removal, by thermal decomposition (873-973~) of 
caso39.1O,16.17. 

The most serious challenge at this moment is to be able to increase 
the amount of CaO supported on a given activated carbon. In fact, 
the maximun SO2 retention reached with these supported CaO, 
expressed per gram of Sample, is comparable to those obtained with 
some bulk CaO, as can be seen comparing Figures 2 and 5. 

CONCLUSIONS 
SO2 retention by CaO and CaO-carbon depends very much on the Cao 
surface area which can be determined by C02 chemisorption. For 
unsupported CaO the retention is a surface process whereas for 
carbon supported CaO both surface and bulk reaction take place. 
Activated carbons act as good dispersing agent enhancing the so2 
retention. The usefulness of the SO2 removal at low temperatures by 
CaO supported on carbon appears to be limited by the amount of Cao 
that can be loaded on the carbon. This point needs further studies. 
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INTRODUCTION 

One of the unique properties of activated carbon is that it can remove nearly every impurity found in 
flue gas including SO,, NOm particulates, mercury, dioxins, furans, heavy metals, volatile organic 
compounds, and other trace elements [ l a ] .  No other existing sorbent has that capability. An activated 
carbon-based process, typically placed after the precipitator and just before the stack, can be used alone 
or in conjunction with other control methods to remove SO,. and NO, from flue gas 17-10]. This 
technology has been used in Europe and Japan for cleanup of flue gas from both coal combustion and 
waste incineration. Currently, no U.S. utility employs a carbon-based process to clean flue gas. An 
ongoing research program [lo-191 at the Illinois State Geological Survey (ISGS) has as one of its 
principal objectives the development of activated char from Illinois coal suitable for cleaning flue gas. 
This paper summarizes some of our recent efforts to produce activated char for several flue gas cleanup 
applications, including coal-fired utilities, diesel enghe exhaust and waste incinerators. 

RESULTS AND DISCUSSION 

SO, Removal 

The initial aim of this study was to identify process conditions for production of activated char with 
optimal SO, removal characteristics [10-16]. Chars with varying pore structure and surface chemistry 
were prepared from an Illinois hvC bituminous coal (IBC-102) under a wide range of pyrolysis and 
activation conditions, and tested for their ability to remove SO, from simulated flue gas (2500 ppm SO,, 
5% O,, 10% H,O, balance He). Table 1 summarizes the results. A novel char preparation method, 
involving nitric acid treatment followed by thermal desorption of carbon-oxygen (C-0) complexes, was 
developed to produce activated chars with SO, adsorption capacities comparable to those of commercial 
activated carbons. An attempt was made to relate the observed SO, adsorption behavior to the physical 
and chemical properties of the char. There was no correlation between SO2 capacity and N, BET 
surface area. A TPD method was used to determine the nature and extent of C - 0  complexes formed 
on the char surface. TPD data revealed that SO, adsorption was inversely proportional to the amount 
of stable C - 0  complex. The formation of stable C - 0  complex may have served only to occupy carbon 
sites that were othenvise reactive to SO, adsorption. TF'D data also revealed that SO, adsorption was 
directly proportional to the number of free adsorption sites on the carbon surface [12-151. Based on 
these results, a detailed mechanism for SO, removal by carbon has been proposed [19]. 

NOx Removal 

Carbon can also be used to remove NO, from flue gas at temperatures between 80 and 150" C. Carbon 
may act as both a sorbent [20-221 and a catalyst [23-251; the extent of each depending on the 
physical/chemical properties of the carbon and flue gas conditions. Sorbent Technologies Corporation 
(STC) is presently developing a carbon-based process for low-temperature (20-100°C) removal of NO, 
from exhaust streams from jet engine test cells and other combustion sources such as diesel engines that 
would not require the use of ammonia (221. The carbon filter being developed is a relatively simple 
NO. control device that is placed directly into the exhaust duct path. There it substantially removes the 
NO, as well as other contaminants such as SO2, HCI and organics. 

The ISGS and STC are working together to develop a carbon for this process. Several carbons 
prepared at the ISGS were tested by STC. The experimental conditions used were: 10 g of carbon, 1 
in. ID fixed bed reactor, 500 ppm NO in air, and a flow rate of 4 Umin. Figure 1 shows that a steam 
activated IUinois coal char treated with HNO, and thermally desorbed at 925°C for 1 h in flowing N, 
(IBC-102;HNO3-925"C) removed 100% of the NO. during a one hour test. Recall that this char also 
adsorbed the greatest amount of SO, (Table 1). The NO. removal efficiency of a similar& treated 
Calgon F400 carbon (Calgon, HNO,, 925°C) decreased from 100% to 70% after 1 h. The HN0,-treated 
Calgon carbon that was not heat treated at  925°C (Calgon, HNOs) removed only 10% of the NO. after 
60 minutes illustrating the importance of the thermal desorption step in our char preparation method. 
Thermal desorption of C - 0  complexes opens closed porosity and widens pores, but more importantly, 
creates nascent sites on the carbon surface that react vigourously with NO, Figure 2 shows that the 
NO. removal performance of the IBG102, HN01-925"C char decreases as flue gas temperature 
increases from 22OC to 150°C. The NO. removal efficiencies of IBC-102, HN0,-treated chars thermally 
desorbed at 525"c, 7250C and 1075"Cwere all less than that of the IBC-102, HN03-925"C char. It was 
interesting that the NOx removal efficiencies of the KOH activated chars listed in Table 1 were 
comparable to those of the IBG102, HNO3-925~Cchar. These chars contained some leftover potassium, 
about 0.5% by weight. Potassium has been found to be an excellent catalyst for NO reduction [26-291. 

Figure 3 compares the NO, removal behavior of the IBC-102, HN03-925"C char and the Centaur 
carbon, a catalytic carbon manufactured by the Calgon Carbon Corporation. The HNO3-925OC char 
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achieves nearly 100% NO. removal for the first 8 h compared to only 4 h for the Centaur carbon. For 
the HNO3-925OC char, the concentration of NO in the effluent increases from about 3% to 80% 
between 8 and 15 h, while the Centaur carbon continues to remove 50% of the NO after 20 h. It is 
interesting to note that NO2 is generated by both carbons, and that its onset occurs at 15 h (50% of 
maximum breakthrough). The formation of NO, during the low temperature reaction of activated 
carbon fibers with NO was recently observed [30,31]. It seems that once the carbon surface becomes 
saturated with GO, C-N and C-NO functional groups, NO, formation is initiated. Eventually, a char 
would require regeneration as these functional groups accumulate on the carbon surface and block the 
sites responsible for NO reduction. Preliminary tests suggest that the NO, removal activity of the spent 
HN03-925"C char can be partially restored by thermal regeneration. Further work is needed to 
determine the mechanism by which this high activity carbon removes NO, from flue gas. 

Combined S O f l O ,  Removal 

The Research Triangle Institute (RTI) in conjunction with the University of Waterloo developed a low 
temperature process capable of removing more than 95% of the SO, and 75% of the NO. from coal 
combustion flue gas [32,33]. The flue gas is cooled to 100°C and the SO, is catalytically oxidized to SO, 
by one type of carbon and converted to medium strength H S 0 4  in a series of periodically flushed 
trickle-bed reactors. The SOz free gas is reheated to 150°C and NH, is injected over a different carbon 
to reduce NO, to N, and H20. 

In this study, RTI performed SO, removal tests on five ISGS chars under conditions simulating those 
used in the RTI-Waterloo process: 1OO"C, 2500 ppm SO,, 5% 0,. 10% HzO, balance helium, space 
velocity of 1400 h'. Each adsorption cycle was followed by a 0.2 L wash with 4.32 N H2S04. The 
results of nine adsorptioddesorption cycles performed with the HN03-9250C char are summarized in 
Table 5.  After the first cycle, the 20% breakthrough time (BT), i.e., when 20% of inlet concentration 
of SO, is measured in the effluent, was extended from 3 to 80 minutes, however, BT decreased steadily 
thereafter. Also, the lowest emission (LE), i.e., the minimum SO, concentration detected in the effluent, 
increased with each subsequent cycle. It should be mentioned that the NO. removal tests for the HN0,- 
925°C char were performed prior to these SO, removal tests. The poor performance of this char may 
be attributed to adsorbed NO, NH, and 0, poisoning SO, adsorption sites. Commercial processes 
typically remove SO2 before NO, to avoid production of ammonium sulfate, which can also reduce 
catalytic activity [3,8]. All subsequent SO, removal tests were performed on carbons that were not 
previously exposed to NO or NH,. The KOH activated char was also tested (Table 5) .  A relatively low 
concentration of SO, in the effluent was achieved and the 20% BT was 45 minutes, but after the first 
cycle, performance decreased dramatically. 

Table 6 shows that the SO, removal performance of the Centaur carbon was superior to all other 
carbons tested. Its 5% BT, however, also decreased after the first cycle. The IBC-102, HNOp-72S0C 
char performed best among the ISGS chars tested. Its initial LE was 10 ppm SO, (equivalcnt to 99% 
removal efficiency), but this increased to 1200 ppm SO, after just the first acid wash. An RTI carbon 
(not listed in Table 6) showed similar deactivation after the first cycle. The integral feature of the RTI- 
Waterloo process is its regeneration step involving a water wash with dilute H S 0 4 .  One important 
advantage of doing this instead of thermal regeneration is that it does not consume carbon. Thus, a 
carbon catalyst in this process could last for many years without having to be replaced. The SO, 
removal performance of all the carbons tested by RTI in this study decreased markedly after the first 
cycle. Whether a low cost carbon having a high concentration of free sites resistant to poisoning by the 
dilute acid wash can be developed for this process remains to be determined. 

The NO. removal capabilities of these chars in the presence of ammonia were also tested. The 
following reaction conditions were used: 40 cm3 carbon, 13O-16O0C, 500 pprn NO, 690 ppm NH3, 5% 
O,, 10% H,O and 1400 h-' space velocity. Table 4 shows that the NO. removal activity of the HN0,- 
925°C char, alhough highest among the ISGS chars tested, was still significantly lower than that of the 
carbon catalyst developed and tested by RTI (commercial activated carbon impregnated with a metal 
catalyst). The RTI carbon, although it achieved better than 99% conversion of NO to N,, remains quite 
costly to produce. Table 4 also shows that the five ISGS samples responded differently to variations 
in reaction temperature. The NO removal activity of the HN03-925"C char went through a maximum 
at 150°C. NO, conversion with the air-925OC char decreased with increasing temperature, while the 
steam activated char maintained essentially the same level of activity between 130 and 160°C. The NO, 
reduction activity of the HN03-725"Cchar increased from 3% to 22% between 130 and 16OoC, whereas 
that of the KOH activated char decreased from 22% to 7%. The Centaur carbon performed rather 
poorly at the two temperatures studied. Note that the ISGS chars tested were not representative of 
chars optimized for this application Typically, commercial selective catalytic reduction (SCR) processes 
use higher surface area (1000-1500 mVg) activated carbons made from bituminous coal. Carbo Tech 
(&sen, Germany) presently manufactures ton quantities of this carbon for carbon-based SCR processes 
operating in Europe. Singoredjo et a]. [34] recently noticed that NO. removal with carbon in the 
presence of ammonia was iduenced by a number of factors including the number and type of C - 0  
complexes on the carbon surface, nitrogen content of the char, and accessibility of the pores. The 
oxygen contents of most of our chars were minimized due to the steam activation or thermal desorption 
treatments used in their preparation. 

Incinerator Flue Gas 

Incinerator flue gas typically c o n t a h  much lower concentrations of SO2 (20-100 ppm) compared to 
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those found in coal combustion flue gas (500-3000 ppm), hut also contains much higher levels of other 
pollutants such as mercury, dioxh,  furans, heavy metals, and hydrochloric acid. STEAG 
Aktiengesellschaft (%sen, Germany) has pioneered the cleanup of incinerator flue gas using their 
patented /a/c/tm process and a low cost (< $300/ton), low surface area (C 300 mz/g) activated carbon 
made from German brown coal [1,2]. A US. source of this carbon is currently needed for their 
processes soon to be installed on waste incinerators in the US. A market potential of 80,000 tonsbear 
of activated char (160,000 tons of coal) has been estimated, assuming 10% of US. incinerators adopt 
their technology to meet needs emanating from anticipated regulation of emissions from existing 
incinerators. This potential market for Illinois coal was of interest to us, so we agreed to produce this 
type of carbon for STEAG. 

The laboratory conditions needed to produce a suitable sorbent from a Colchester (Illinois No. 2) hvC 
bituminous coal were first identified. Char production runs were performed at  the ISGS using a 2 in. 
ID horizontal tube furnace, 4 in. ID, 4 ft. heated zone, continuous feed rotary tube kiln, and a 
continuous feed charring oven. With the assistance of Allis Mineral Systems (Milwaukee, W), the 
production steps were carried through two levels of scale up, culminating in the production of 610 
pounds of activated char in an 18 in. ID, 10 ft. heated zone, externally fired rotary tube kiln. A 1500 
pound sample of size-graded bituminous coal having a free swelling index of 4.5 was used as feedstock 
for the production run. A three-step process, which included preoxidation, pyrolysis and activation, was 
necessary to process this coal. Details of the Conditions used in the production runs are described 
elsewhere [10,16,17]. Table 7 compares the properties of the ISGS char and the char presently used 
by STEAG (hereafter referred to as Herdofenkoks). It shows that ISGS char had a N, BET surface 
area of only 110 mz/g, but an SO, capacity after 4 h greater than that of the Herdofenkoks. The iodine 
number of the Herdofenkoks was about three times greater than that of ISGS char. (This number 
relates to the surface area contained in pores greater than 10 A.) The mechanical strength of ISGS 
char, although not as good as Herdofenkoks, was still considered satisfactory for this application. Note 
that the carbon tetrachloride activity of ISGS char is 51 mg/100 g char, about three times that of the 
Herdofenkoks. The carbon tetrachloride activity is used as an indicator of carbon performance in vapor 
phase applications, e.g., VOC removal. Normally, one would not expect a carbon tetrachloride activity 
to be this high given the N, BET surface area of the char (110 m'/g). The observed value of 51 is more 
typical of carbons having surface areas of 800-1200 mz/g. Evidently, the ISGS char (bituminous coal 
char activated in CO, for 2 h) developed a more extensive microporosity than the Herdofenkoks (brown 
coal pyrolyzed at  950°C for 0.75 h). 

Commercial activated carbons available in the U.S. are believed to be too reactive due to their relatively 
high surface area (> 600 mVg) and propensity to adsorb and react with NO, The reaction of carbon 
with adsorbed NO, is exothermic and can ignite the carbon bed under certain conditions, e.g., in the 
absence of gas flow. The STEAG /a/c/tm process requires the use of a low activity char having a 
surface area less than 300 mz/g. A 550 pound sample of low surface area activated char produced in 
this study was shipped to Essen, Germany where it was installed in a pilot plant unit and subjected to 
a NOx self heating test. This jnvolved adsorbing NOx on the carbon until saturated, shutting off the flow 
of gas to the adsorber, and measuring the temperature rise of the char bed. The ISGS char passed the 
test and is the only U.S. material known to have done so. (Figure 1 also shows that the NO, removal 
efficiency of this char was less than that of the Herdofenkoks.) 

The test unit containing ISGS char was then installed on a slipstream of flue gas from a commercial 
waste incinerator in Germany. Flue gas velocity through the 800 mm char bed was 0.15 m/s. The ISGS 
activated char removed more than 99.7% of the dioxins and furans from the incinerator flue gas (Table 
8). Also, the mercury, which was present in the inlet gas, was not detected in the exit gas. The removal 
efficiencies achieved by ISGS char were at least as good as, if not better than, those achieved with 

The two-week test, however, was not of ample duration to observe complete 
breakthrough of any of the pollutants listed in Table 8, so there was no information on total adsorption 
capacity. Typically other pollutants do not breakthrough the bed before SO,, so the SO, capacity is 
considered a good measure of the total adsorption capacity of the char. An economic analysis indicates 
that it would cost between $325 and $400 to produce one ton of ISGS char with a plant designed and 
constructed to produce 80,000 tons per year, assuming a 20% rate of return on initial investment, 

Another potential market for low cost char is the cleanup of coal combustion flue gas. The Mitsui 
Mining Company Limited (Tobo, Japan) has developed a combined SOJNO, removal process featuring 
a two stage adsorber in which flue gas is contacted with activated coke at temperatures between 100 
and 200°C [3]. Sulfur oxides are adsorbed onto the activated coke in the first stage resulting in the 
formation of sulfuric acid. The flue gas moves into the second stage where NO, reacts with NH, to 
form N, and H20. The coke from the first stage is thermally regenerated at temperatures between 300 
and 5 0 0 C  Mitsui has licensed their technology to General Electric and both are working together to 
develop new markets in the US. for their process. (They have also developed a process to clean 
incinerator flue gas [4].) A carbon having a selling price less than $600/ton is needed. 

Our low cost char was tested by Mitsui Mining under the following conditions: 14OoC, 1000 ppm SO,, 
200 ppm NOr Table 9 compares the properties of ISGS char and Mitsui Mining activated coke. The 
NZ BET surface area and SO, adsorption capacity of ISGS char is less than that of Mitsui coke. Also, 
the NO, removal efficiency of Mitsui coke is significantly greater than that of ISGS char. The surface 
of the Mitsui coke is said to contain functional groups (C-0, C-N and C-OH) that react more effectively 
with SO, and NO, Note that the ISGS char tested by Mitsui Mining was not optimized €or this process. 
These tests were performed only to evaluate the potential of our low cost char in other applications. 
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SUMMARY 

Activated chars were produced from Illinois coal and tested in various flue gas cleanup applications. 
A low cost, low surface area char was developed for cleanup of incinerator flue gas. Five hundred 
pounds of the char was tested on a slipstream of flue gas from a commercial incinerator. The char was 
effective in removing more than 97% of the dioxins and furans present in the flue gas; mercury levels 
in the effluent were below detectable limits. Higher activity chars that showed excellent potential for 
both SOz and NO. removal were also produced. The performance of one char compared favorably with 
that of a commercial carbon catalyst. 
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Table 1. Correlation of SO, adsorption capacity with surface area and chemisorbed oxygen. 

p. 652. 

SOz capacity determined after 6 h. 
not determined. 
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Properly Herdofenkoks 
N, BET Surfaace Area (m*/g) 275 
Iodine Number 349 

S& Capacity (w%, 120”C, 4 h) 2.8 
7.6 

Bulk Dewily (Ib/ft’) 29.8 

Carbon ( ~ 1 % )  83. I 

Ash ( ~ 1 % )  8.7 

Mechanical Strength 98.8 

SOz Capacity [wI%, 120°C. 15 h) 

Volatile Matter ( ~ 1 % )  7.7 

Ignition Point (‘C) 405 

Carbon Telnchloride Aclivily 17 
(mgflOn mg char) 

Table 2; SOI removal tesls. 
ISGS char 

110 
137 

4.2 
5.8 

23.8 

87.0 
4.7 
8.3 

78.3 

395 

51 

Table 3. SO, removal tests 

below detection limils. 

Table 7. Camparbon of Miuui coke and ISGS char. 
Properly Mitsui ISGS 

cnke char 
N, BJZFsurface area (ml/g) 200 I05 
CO, BET surface area (m*/g) --- 142 

SO2 capacity (mg SO&) 100 27.1 
DeNOr effiiiency (%) 18.8 
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ABSTRACT 
Monolithic or Sulzer CY gauze structured packings were loaded with hydrophobized 
activated carbon. Studies of their activity for SO2 conversion to sulfuric acid were carried 
out with respect to principal scale-up variables of the process: temperature, pressure 
drop, periodic vs. continuous operation, gas and liquid flow rates. High conversions, 
high catalyst efficiency, and low pressure drops, long catalyst lifetime, easy of handling 
catalyst packings are some of the outstanding features of the system. 

lNTRODUCnOM 
Environmental regulations impose a removal of at least 85 - 90% of sulfur from fuel. 
Huge volumes of flue gases (e.g., that of a 700 MW oil-fired power station is equivalent 
to ca. 2 million cubic meters per hour) containing up to 0.3% S02, impose severe 
requirements on industrial flue gas clean-up plants: low pressure drops at high gas flow 
rates (>10,000 h-l), sulfuric acid solutions of at least 15 wt% concentration, small 
volume, easy-to-handle catalysts, long catalyst lifetimes, no waste products generated 
by the exhausted catalyst, almost constant temperature profiles. 

One of the most attractive method is to use activated carbon catalyst to oxidize S02. 
Over the last three decades, numerous studies have described the oxidation of SO2 on 
activated carbon catalysts either in gas-solid system when H2SO4 is thermally 
desorbed, or in gas-liquid-solid systems (trickle-bed or sluny) when H2SO4 is washed 
with water 11-10]. As the gas-solid system involves catalyst reheating to accomplish 
desorption in which the adsorbed sulfuric acid reacts with carbon to form C02, H20 and 
Sop, the three phase system seems to be more attractive. Use of large-scale trickle-bed 
reactors is still hindered by some specific drawbacks: very low effectiveness factor 
(0.021 for 2.59 mm particle diameter, and 0.45 for 99 pm) , high pressure drops over the 
catalyst bed, maldistribution of various kinds (including a non-uniform access of 
reactants to the catalytic surface), rapid SO2 breakthrough due to sulfuric acid 
entrapped in pores, and very low concentrations of the sulfuric acid in the effluent. 
Recognizing that reaction in dumped catalysts is controlled by mass transfer to and from 
the catalyst, we have studied a three-phase reactor in which the catalyst is deposited as 
a thin layer (micrometers) on screens of appropriate hydrophobicity. Either monolithic or 
static mixers configurations, known for their low pressure drops, are used. Their 
hydrophobic-hydrophilic characteristics determine the distribution of dry and wet zones 
that spontaneously change with time ensuring both higher access for gaseous reactants 
to the catalyst and more efficient removal of product from it. The frequency of shifting 
depends on the gas and liquid flow rates and the catalyst geometry which determines the 
flow pattern. Because of this dynamic alternation, almost the entire catalytic surface is 
involved in the oxidation process. 

SO2 oxidation on activated carbon involves a reaction among three species: Sop, 02, 
and H20 adsorbed on the carbon surface. A reaction of three adsorbed species 
simultaneously is, statistically speaking, possible but quite unlikely. Nevertheless, 
activated carbon has an affinity for molecular S02, 2.7 times larger than for oxygen 1131. 
As the solubility of SO2 in water is more than 10 times larger than for oxygen, 0 2  is the 
thus limiting reactant despite a 100 fold larger partial pressure than that of sulfur dioxide. 
It is thus intuitive that carbon surfaces are readily populated with S02, so that the rate of 
uptake of oxygen on the active sites is almost certain to be rate-limiting. Infrared analysis 
demonstrated that in the presence of water vapor and oxygen, sulfuric acid is formed on 
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arbon. In addition to sulfuric acid, a small quantity of chemisorbed SO2 was found, as 
well as some residual water 11 11. Once HpSO4 is formed, it becomes a competitor for 
active sites, along with S02, 02, and H20. Meanwhile, sulfuric acid decreases SO2 and 
0 2  solubilities but not in the intrinsic rate of surface reaction itself, within reasonable 
limits (up to 30 wt% H2SO4). 

Sulfuric acid formation is ensured by the water vapor present in flue gas, liquid water 
only playing the role of product carrier from the catalyst pores. Therefore water flow rate 
affects the liquid film resistance to the reactants transferring from gas onto the active 
catalyst sites. The preparation method of our catalysts ensures a hydrophobic catalytic 
surface still keeping a polar character inside the pores. As was shown [16], pyrone and 
pyrone-like structures are responsible for the catalytic activity. The presence of hydroxyl 
groups on the activated carbon provides an additional opportunity for controlling the 
hydrophobicity inside the pores in order to obtain a controlled wet-proofing. 

EXPERIMENTAL 
Catalyst 
Two basic types of structured packings were used: monoliths and static mixers (Sulzer 
CY) gauze. Monoliths were built up by rolling together a corrugated gauze, on which 
activated carbon was loaded using a hydrophobic binder, with a flat screen which was 
either hydrophilic or hydrophobic. Monolithic catalysts were supplied by Atomic Energy 
of Canada Limited (AECL). Static mixers were supplied by Sulzer Chemtech, Winterthur, 
Switzerland, and loaded with activated carbon by AECL. Properties of activated carbon 
and catalyst beds are given in Table 1. CentaurTM activated carbon (Calgon Carbon 
Corp.) with an average particle diameter of 0.3 prn has been used for loading the 
screens in all runs. BET surface areas of the bound carbon were determined at -195.5OC 
by nitrogen adsorption using a Quantachrome Autosorb Automated Gas Sorption 
System, Micropore Version 2.44. Typical values were 139.9 m2/g for overall surface 
area, 95.7 m2/g for mesopore area, and 44.2 m2/g for micropore area. 

Table 1. Properties of activated carbon and catalyst beds. 
Catalyst Type Carbon Height 

typeheight cm 

QA 95-8 Monolith-hydrophilic Centaur/ 3x1 0 
sep. screen, 120 mesh 10.23 

QA 95-9-0 Monolith-hydrophilic Centaur/ 3x1 0 
sep. screen, 20 mesh 23.43 

QA 95- 9-1 Monolith-hydrophilic Centaur/ 3x1 0 
sep. screen, 20 mesh 22.52 

QA 95-1 1-0 Monolith-hydrophilic Centaur/ 1 x l0  
sep. screen, 28 mesh 28.44 

QA 95-1 1-1 Monolith-hydrophobic Centaur/ 1x10 
sep. screen, 28 mesh 28.44 

QA 95-12 Static mixers CY Centaur/ 2x1 5 
23.28 

(9) 

Cross- 
section area 

cm2 
19.63 

19.63 

19.63 

19.63 

19.63 

15.90 

Volume 
cm3 

589.1 

589.1 

589.1 

196.3 

196.3 

476.8 

Apparatus 
The SO2 oxidation was carried out in a glass reactor of 600 mm length and 50 mm id. 
Gaseous reactants and water were fed concurrently in the top of reactor. Water was 
supplied by a micropump Gear Pump - Model 130/150, (Micropump Corporation, 
Vancouver, WA), after preheating (as needed) and saturation with oxygen in a saturation 
column filled with static mixers Sulzer Mellapak 125.Y of polypropylene. An adjustable 
height spray nozzle was used to distribute washing liquids evenly over the cross section 
of the reactor. Periodic liquid interruptions were achieved by means of a solenoid valve 
in the feed line to the reactor vessel. The valve was controlled by a microcomputer 
through a DIA interface. Feed gas with a volumetric composition of 10% Cop, 5% 02, 
and 0.3 % SO2 was preheated (as needed) and saturated with water at 45OC 
correspondent to 10% H20 in the gas mixture, the balance being N2. Flow rates of the 
individual gaseous streams were controlled by mass flowmeters Unit (Unit Instruments. 
Inc., Orange, CA). The reactor was heated using three heating tapes, and temperatures 
were measured by 0.2 mm 0.d. type K thermocouples and recorded by the data 
acquisition system. Pressure drop in the catalytic bed was measured with a water-filled 
manometer connected to taps located above and below the bed. The reactor effluent 
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was cooled and liquid and gas phases were separated. SO2 concentration in the 
gaseous effluent was continuously monitored by a UV spectrometer (Western Research, 
model 721 AT) and recorded by the data acquisition system. The liquid phase was 
analysed for H2SO4 by titration with 0.1 N solution of NaOH. Sulfur dioxide dissolved in 
liquid effluent was determined by means of a conventional iodine titration. Typical 
operation conditions are summarized in Table 2. 

Table 2. Operating conditions for the reaction studies. 
Temperature, OC 23 to 80 

Liquid phase 
Pressure, MPa 1.013 E - 0 1  

Deionized water (DI), DI + Tween 
20 (4 E - 07 molll), DI + acetone 
(20 wt %) 
(5.5 to 33) E - 05 
(5.3 to 55) E - 09 

Gas flow rate, m3ls, at 25oC 
Liquid flow rate, m3/s 

RESULTS AND DlSCUSSlONS 
The exploratory investigations were carried out on three main catalytic configurations: 
monoliths with hydrophilic separation screens (QA 95-9 and QA 951 1 -O), monoliths with 
hydrophobized catalyst and separation screen (QA 95-1 1-l), and hydrophobized static 

mixers CY (QA 95-12). 

Monoliths with hydrophilic-hydrophobic 
screens (QA 95-9 and QA 95-1 1-1) give rise 
to high liquid static hold-up over the catalyst 
bed (equivalent to 20 wt% of catalytic stack 
weight). With these stagnant columns of 
liquid in each channel, there was poor : reproducibility of data preventing a clear 

: conclusion. Obviously, a higher contact time 
: between liquid and catalytic surface 
, improves sulfuric acid removal but, on the ._. . . .-. . -. .>. 

me (h@ '. other hand, reduces the mass transfer rates 

surface. Both periodic operation (flushing 
periods of 30 to 45 seconds followed by 
"dry" periods of 255 to 270 seconds) and 

continuous flushing, gave non-reproducible results. Periods of high conversions 
alternate with lower removal of SO2 in a random way due, probably, to a very complex 
hydrodynamic regime in the channels which creates a "storage effect" of SOP. A typical 
concentration profile for the "free" SO2 released in the effluent is shown in Figure 1 (QA 
95-8). In spite of high conversions periods - especially in forced periodic operation -the 
system didn't permit further studies of the influence of other process variables, because 

.. - - .- 
0 1  --• ; ; ; ; ; ; of gaseous species onto the catalytic 

Flgum 1. Co1)8nmUon hflles ai Fma 80 I 

InmoRoe*o,EMuontlorDmwentsatslysts 

of high oscillations in SO2 conversions iw - superfflsioasvolosity=a~~o * Tc during the same run. 
0 Initialiy with low temperature runs, 

negligible H2SO4 is formed in the 
micropores because of low reaction rate; 
the diffusing species (S02,02, and H20) 
fill the micropore volume taking up the 
available vacant sites. However, beyond 
this initial period, reaction occurs on a 
time-scale longer than the adsorption 
time-scale, the product H2SO4 forms and 
displaces other molecules (Sop, 02, 

2.0 2.5 3.0 3.1 4.0 4.5 5.0 H20) until a new steady-state between 
neun2 ConvalonOH .6o.va8up.r(iclsl sorption and reaction prevails. 

ueudv-cv 
The influence of liquid flow rate on the 

SO2 conversion is shown in Figure 2. An increase in conversion is expected due to the 
improvement of sulfuric acid removal. Obviously, better contact between catalyst surface 
and washing liquid will facilitate efficient cleaning of the catalyst. Runs with a mixture of 
deionized water and 20 wt% acetone or with a wetting agent (Tween 20. lo6  M) which 
facilitate penetration in the meso- and micro-pores and faster removal of sulfuric acid, 
led to an increase of conversion with 10 to 18%. This is contrary to the contention [e] 
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that the higher the liquid flow rate the lower is the fraction of SO2 oxidized to sulfuric 
add. In the range of interest, due to the 

looT 3 ~ W d d v * - 2 6 x 1 0  hydrophobicity of the catalyst surface, 
reactants are mainly supplied directly from 
the gaseous phase. 
Meanwhile, at temperatures higher than 
So%, sulfuric acid present in catalyst pores 
has such high concentrations as to allow the 
use of sulfuric add solutions (7 to 15%) as 
washing liquids. In this way it is possible to 
use optimum flow rates of liquid, without an 
undesirable dilution of the solution. On the 
other hand, preliminary tests done with an 
organic substrate (dodecylbenzene) gave 
very promising results in a reactive removal 
of sulfuric acid with production of 
surfactants, which might be a novel route for 

Increasing the gas flow rate cause a decrease in conversion (Figure 3). The oxidation 
rate lagged behind the adsorption step rate [16]. As expected, shorter contact time 

between reactants and catalyst reduced 
conversions. The most likely reasons for this 
are correlated with the efficiency of sulfuric 
acid removal and/or oxygen activation rate. 
An enhance of catalytic activity has been 
achieved by doping the internal surface with 
typical oxidation catalysts, e.g., oxides of 
cobalt, chromium, and vanadium, or 
phthalocyanines [14,15]. 
It is important to mention that even at the 
highest gas and liquid flow rates, the 
pressure drops over the catalytic bed were 
less than 25x10" W a d .  The lowest values 
were achieved with hydrophobic monoliths. 

One of the most important requirements in 
the oxidation process is to supply sufficient 
amounts of oxygen onto the active sites. The 
oxygen adsorption onto the catalytic surface 

follows a Henry type isotherm; hence an increase in its partial pressure will increase the 
available active oxygen and will provide an increase in conversion. As shown in Figure 
4, an increase in the range of 5 to 20 'YO 0 2 ,  led to higher conversion. Further 
investigations are necessary to develop a better correlation of oxygen concentration with 
temperature and nature and size of liquid flow rate. 

Temperature has a complex effect on the oxidation process. An increase in temperature 
leads to higher reaction rates and higher concentrations of the sulfuric acid loaded in the 

pores. However, temperature also 
determines lower solubilities of reactants in 
the liquid inside and outside the pores with a 
subsequent decrease of reaction rate. In our 
situation, experimental data confirm an 
enhancement of conversion to sulfuric add 
with temperature increase. Values as high 
as 92% were achieved at 80°C. Experiments 
in the range of 90 to 120°C are now in 
progress. The hydrophobic character of the 
catalytic surface and the continuous 
alternation of dry and wet surfaces permits 
easier transfer of reactants to the catalyst 
surface directly from the gaseous phase, 
making the contribution of dissolved species 
less important (Figure 5). 
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CONCLUSIONS 
Centaur activated carbon bound in a thin layer on monolithic or static mixer packings 
has been used with very good results for SO2 oxidation. Conversions of 92Y0 and 
productivities relative to a unit weight of carbon were achieved. The high catalytic activity 
shown by the hydrophobic thin layer catalyst appears to benefit from its hydrophobicity 
to water and short diffusional paths. Investigations on catalytic system behaviour at 
higher temperatures (1 00-1 2OoC), using either sulfuric acid solutions or organic 
substrates, as washing liquids are now in progress. As a consequence of the system 
features, the use of periodic flushing is expected to enhance catalyst productivity. Very 
low pressure drops over the catalyst bed, and production of either concentrated 
solutions of sulfuric acid or sulfatedkulfonated organic substrates make the process very 
attractive for commercial plants. 
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ABSTRACT 
The adsorptive capacities of virgin and sulfur impregnated activated carbons (GAC) for ges-phase 
mercury were evaluated as a function of temperature and influent mercury concentration. The Vir& 
activated carbon showed little adsorptive capacity, especially at temperatures above 90 OC. The 
pronounced &ect of temperature on the adsorptive capacity evidences a physical adsorption 
mechanism between the mercury and virgin GAC. Sulfur impregnated activated carbons exhibited 
enhanced mercury removal efficiency over the non-impregnated varieties due to formation of 
mercuric sulfide on the carbon surface. This chemisorption process is enhand with increased 
temperature between 25 and 90 OC. However, at 140 OC a decrease in adsorptive capacity occurs, 
indicating reduced formation of mercuric sulfide. The method used for impregnating GAC with 
sulfur had a pronounced effect on mercury removal capacity. The chemical bonding of sufir and 
carbon surface at 600 OC provides a more uniform distribution of sulfur throughout the GAC pore 
structure than achieved by conventional condensation techniques, yielding improved performance. 

INTRODUCTION 
Numerous studies have documented the pathways of trace contaminants through coal-fired power 
plants(l4). Lack of mass closure for Hg, Se, CI, and Br indicates that these elements exist entirely in 
the gas phase upon exiting the combustion zone, and pass unaffected to the smokestack('). 
Numerous studies have shown that the best available control technology for particulate pollution 
abatement (high-efficiency electrostatic precipitator) has virtually no impact on the release of vapor- 
phase trace elements to the atm~sphere(~~~-s). The estimated quantity of mercury released globally 
tiom coal combustion is 3000 metric tons per year@). Gaseous mercury emissions exist in both the 
elemental and oxidized (Hgz+) forms. Chu and Schmidt@) have determined that the percent of 
oxidized mercury in flue gases is a function of the coal type and composition. By quantiEying the 
speciation of mercury in flue gases Prestbo and Bloom(7) reported that particulate forms of mercury 
generally constitute less than 5% of the total mass of mercury emitted. 

The deposition of mercury following discharge to the atmosphere causes some local, but mostly 
regional impacts. Klein and Russel(*) showed that the soil around a Michigan power plant was 
enriched with Cd, Co, Cr, Hg and Ni, with contaminant concentration gradients reflecting the 
prevailing wind patterns. Hall et al.(9) found that the elemental H$ will add to the atmospheric 
background concentration, while the divalent gaseous and particlaassociated mercury will have a 
tendency to deposit within the region where it is emitted. 

Increased levels of mercury in the environment are of particular concern due to well documented 
food chain transport and bioaccumulation of mercury and its forms(10). Mercury is highly toxic to 
algae, fungi and seed plants. Mercury tends to accumulate in the lower stem areas rather than in the 
upper photosynthetic areas. Mercury is a cumulative poison in animals since there is no known 
homeostatic mechanism for regulating mercury concentration in tissues. Mercury is also a potent 
neurotoxin that is capable of causing irreversible damage to the central nervous system, or even 
death. Metabolism and degree of toxicity of mercury to animals is a function of several factors: 
chemical form, route of entry, duration of exposure, and dietary content of interacting elements, 
especially selenium. Mercury vapors can cause bronchitis, interstitial pneumonia, circulatory 
collapse, renal failure and dermatitis, while mercury salts can cause anorexia, memory loss, weight 
loss and gingivitis. Methylmercury causes paresthesia, hearing loss, ataxia, peripheral vision loss 
and cerebral disease(l1). 

Regulatory initiatives and increased public concern regarding elevated levels of'mercury in the 
environment have stimulated research efforts to develop technologies for mercury emission control. 
Although there are currently no regulations for mercury emissions from electric utilities, the Clean 
Air Act Amendments of 1990 (Title IU, Section 1121b][l]) (CAAA) require major sources to use 
the best available control technology @ACT), and require the U.S. Environmental Agency @PA) 
to perform a study of mercury emissions. 

Activated carbon adsorption is a technology that offers great potential for the control of gas-phase 
mercury emissions. S i  and Walked12) demonstrated that the capacity of sulfUr impregnated 
carbons greatly wupassed the virgin carbons at 150 OC due to chemical adsorption of mercury 
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(through formation of mercuric sulfide) on the carbon surface. Matsumura(I3) found that i d i  
and oxidized activated carbons adsorb 20-160 times more mercury than the untreated variety. 
M-er and B d W  d e t d  that 5% iodine impregnated activated carbon was an e x d e n t  
adsorbent for elemental mercury, with the adsorptive capacity greater than 5 mg/g at *mperama 
rang@ from 20 to 180 OC. Otani et al.(W found that increased sulfur impregnation up to 13.1 wt. 
%, did not have a detrimental effect on elemental mercury adsorption at low temperatures (36 “c), 
as reported by Sinha and WalkedW. Otani et al.(W suggested that the contradicting results are 
related to surface area reduction resulting from different impreption methods and activated carbon 
types. They also found that a portion of the sulfur impregnated on the activated carbon mfh is 
chemically adsorbed, and not available to react with mercury to form mercuric sulfide. Krkhnan et 
al.(W demonstrated that the virgin activated carbons adsorbed less mercury with increased 
temperature, and that heat pretreatment with clean nitrogen at 140 OC destroyed active sites, 
reducing the adsorptive capacity further still. Livengood et al.(la) showed that the adsorption 
capacity of sulfur impregnated carbon decreased with an increase. in temperature from 55 to 90 OC. 

MATERIALS AND METHODS 
Three types of activated carbons were used in this study. Two of the carbons, Filtrasorb-400 (F- 
400) and HGR were supplied by the manufacturer (Calgon Carbon Corporation, Pittsburgh, PA) in 
12x40 and 8x12 US. The third type, F-400S, was produced by 
contacting F-400 carbon with excess amount of sulfur in a pure nitrogen atmosphere at 600 OC. The 
sulfur contents of F-400, F-400S, and HGR were 0.76, 7.61, and 9.24 wt. %, respectively. The 
particle size. used in this study was 60x80 US. Mesh size. 

A schematic representation of the experimental setup is shown as Figure 1. By varying temperature 
of mercury permeation cell and nitrogen flow rate, a wide range of mercury concentrations were 
generated. The impinger solution used for absorbing gas-phase mercury was prepared with 1.5% 
potassium permanganate in 10% sulfuric acid as described by Shendrikar et al.(lV Quantification of 
elemental mercury in the gas phase was performed at a wavelength of 253.7 nm using a Perkin- 
Elmer Model 403 atomic absorption spectrophotometer (AAS) (Perkin-Elmer, Nonvalk, CT) fitted 
with 18-cm hollow quartz gas cell (Varian Australia Pty. Ltd., Mulgrave, Victoria, Australia). 
Vapor-phase mercury detection l i t  for the analytical system us@ in this study was 1.8 pg/m3. 

Breakthrough curves were generated using a 3/16 inch stainless steel column charged with I00 mg 
of activated carbon. The bed was secured in the adsorber by two 200 U.S. Mesh size stainless steel 
screens. The adsorber was operated in the downflow mode to minimize the potential for fluidization 
of the packed bed. The influent gas and activated carbon temperatures were regulated by placing 
the adsorber in a temperature controlled oven. With both the mercury generation device and 
adsorber off-line, clean nitrogen was passed through the AAS cell for 30 minute warm-up period. 
Once the lamp output was stabilized and AAS zeroed, the mercury generation device was placed 
on-line, and the oil bath temperature adjusted to generate the desired mercury concentration. The 
gas flow rate was adjusted to 0.97 Umin and the absorbance from the AAS was recorded following 
a 2 hour equilibration period. The adsorber was then placed on-line and the effluent mercury 
concentrations were continuously monitored until complete breakthrough. Several blank runs with 
no carbon in the adsorber that were performed at temperatures ranging from 25 -140 OC using an 
influent mercury concentrations in the range of 25-115 &m3 revealed that no uptake or 
transformation of elemental mercury was facilitated by the stainless steel reactor or support screens. 

RESULTS AND DISCUSSION 
Figure 2 summarizes the adsorptive capacities measured for F-400 activated c h o n  at different 
temperatures. The increase in the slope of the isotherm lines with an increase in temperature shows 
that bonding of mercury to the carbon surface decreases with an increase in temperature. Only a 
single data point is shown at 200 OC because no adsorptive capacity was detected at the next lower 
influent concentration increment of 55 &m3. The pronounced effect of temperature on the 
adsorptive capacity of F-400 GAC for elemental mercury indicates that the adsorption mechanism is 
physical in nature. 

A series of experiments was conducted to determine the adsorptive capacity of sulfur impregnated 
(’HGR) activated carbon as a function of adsorber temperature. The influent mercury concentration 
was maintained at 55 &n3 in all cases while the adsorber temperature was 25,50,90, and 140 W. 
Figure 3 indicates that the adsorptive capacity of HGR carbon for mercury increases with an 
increase in temperature. However, this figure accounts only for the elemental form of mercury in 
the adsorber etnuent as detected by the AAS. A separate experiment was performed to 
Simultaneously monitor the effluent from an adsorber maintained at 90 OC for elemental and total 
mercury. The elemental form @I$) was constantly monitored by AAS output, and the total 
mer- concentration was determined by trapping the gases in an impinger train at various time 
increments. As illustrated in Figure 4, complete breakthrough was achieved for total mercury, while 

Mesh sizes, respectively. 
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elemental mercury reached equilibrium effluent concentration at C/C, equal to 0.6. The difference is 
attributed to the presence of mercuric sulfide in the adsorber f luent .  Once a critical concentration 
of mercuric sulfide is formed on the surface of the GAC, desorption of mercuric sulfide M%upJ, 
forcing the product (HgS) into the d u e n t  gas stream with the desorption process being more 
pronounced at 90 OC than at 20 or 50 OC. 

Figure 5 compares the breakthrough characteristics of HGR GAC at 25 and 140 OC. AS is apparent 
6om this figure, after 8 hours into the experiment, the effluent fiom the adsorber operated at 140 OC 
reached complete breakthrough, while the effluent !?om the adsorber operated at 25 OC reached 
equilibrium at C/C, equal to 0.75. Experimental investigations of sulfur loss &om the carbon 
surfice upon exposure to nitrogen gas at various temperatures revealed that the low adsorptive 
capacity of HGR GAC exhibited at 140 OC can not be the result of sulfur loss form the carbon 
surface. However, this difference in behavior may be attributed to the fact that both physisorption 
and reaction with sulfur contribute to mercury uptake at 25 OC while only the reaction with sulfur 
co-uld be d g  at 140 OC. Another possible explanation for the observed behavior is that the 
rate of HgS formation on the surface of the sulfur impregnate is much higher at 140 than 25 OC so 
that the HgS would quickly blind the sulfur surface and prevent any further mercuric sulfide 
formation, which results in complete breakthrough. 

Figure 6 compares the adsorptive characteristics of F400S to that of HGR and F-400 at 25 OC and 
an influent mercury concentration of 1 IS pg/m3. As is apparent 60m this figure, F400S performed 
much better than HGR and F-400. The superior adsorptive capacity of F-400S over HGR can not 
be explained by sulfur content on the GAC surface. since F400S contained 7.61 wt. % sulfur while 
HGR contained 9.24 wt. % sulfur. It is hypothesized that the higher adsorptive capacity of F-4OOS 
is the result of improved distribution throughout GAC surface. The sulfur in the HGR pore is 
most likely deposited by condensation as a slug deeply imbedded in the pore. Since the sulfur in the 
case of F400S carbon is chemically bonded to the surface, it is more evenly distributed over the 
entire surface area. Although HGR carbon has higher sulfur content as compared to F400S, the 
mercury-sulfur reaction on the surface of the HGR carbon is l i i ted by the rate of diffusion of 
mercuric sulfide fiom the surface into the sulfur mass. 
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Figure 1. Schematic representation of the experimental system 
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Figure 2. Adsorptive capacity of F-400 GAC for vapor-phase mercury 
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Figure 3. Effect of temperature on mercury breakthrough tiom HGR adsorber 
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Figure 4. Elemental and total mercury breakthrough from HGR adsorber 
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INTRODUCTION 

The Clean Air Act Amendments of 1990 listed 189 substances as hazardous air pollutants, of which 
37 substances have been detected in power plant emissions. Of the 37 hazardous air pollutants, I1 
are trace metal species. Mercury is trace metal species of greatest concern because of perceived risks 
from its environmental release and because it is present mainly in the vapor form and is not captured 
effectively by existing particulate removal systems. 
Carbon-based processes (both direct injection and fixed-bed) have been developed for control of 
mercury emission from municipal- and hazardous-waste incinerators. Existing data from the 
incinerators provide some insight on mercury control, but these data cannot be used directly for coal- 
fired utilities because mercury concentration, species, and process conditions differ greatlyL. For 
example, municipal solid waste (MSW) mercury concentrations ( 200 to 1000 pglm') are one to two 
orders of magnitude higher than for coal combustion sources which contains typically 5 to 10 pglm'. 

Injection of activated carbon upstream of a particulate control has the potential of providing a low- 
cost option for control of mercury emissions from utility flue gas'. In several b e n ~ h ~ - ~  pilot and full- 
scale tests"I0 of the method, the influence of carbon type2+','', carbon structure34 and carbon surface 
chemi~try~.~.~.', injection methods (dry or wet)", amount of carbon injected*-l0, and flue gas 
temperaturess'10 on mercury removal have been examined. The low concentrations of mercury in the 
flue gas, and limited exposure time (3 seconds) of the sorbent, generally required large amounts of 
activated carbons in these sorbent injection tests. To achieve high Hg removal (>90%), the required 
ratio of carbon to mercury (C/Hg) in the flue gas has generally (on weight basis) been found to be 
3,000-20,000, depending on the process conditions. Tests have shown that the carbon to mercury 
ratio in MSW incinerators is more than an order of magnitude lower than that necessary to achieve 
similar mercury removal in coal combustors. 

The high C/Hg ratio could be a result of either mass transfer limitation or low mercury capacity of 
carbon due to the extremely low concentration of mercury in the flue gas, or the low reactivity of 
the carbon. To reduce the operating cost of the carbon injection process, either a more efficient 
sorbent that can operate at a lower C/Hg ratio, or a lower-cost sorbent, or both is required. An 
understanding of physical and chemical processes that affects mercury removal from flue gas and 
a systematic sorbent development study would be required to develop an efficient, cost effective 
carbon injection process for removal of mercury from coal-fired utility flue gas. 
The work presented here represents phase 1 of an ongoing EPRI and Illinois Clean Coal Institute 
funded research program to develop a low-cost, high efficiency sorbent for mercury removal. In this 
paper the influence of both film and intraparticle mass transfer on mercury removal in the carbon 
injection process are described. 

MASS TRANSFER CALCULATIONS 
Film Mass Transfen 

In absence of internal (intraparticle) diffusion, the equation describing the transfer of mercury 
molecules from the bulk flue gas to the surface of carbon per unit interfacial area is: 

where N=mass flux (g/cm2*s); k, is mass transfer coefficient (cm/s); C, are the mercury 
concentration (glcm') in the bulk flue gas and and C* is the mercury concentration in equilibrium 
with the adsorbed mercury on the carbon surface. Assuming the interfacial area per unit volume in 
the duct is aN, the flux per volume of the duct will be: 

N = k p a ( C z - C  ') 

where a is the total interfacial area in the duct (cm2/cm') and V is the total volume of the duct (cm') 
and Cg-C* is considered as the driving force for mass transfer. 
The typical mercury concentration in the utility flue gas is about IO pg/Nm' and usually 90% 
removal is required. Typically, the particle size of powdered activated carbon ranges between 1 and 
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60 pm. When injected into the flue gas, the fine carbon particles will suspend and flow with the gas 
stream. The relative velocity between the particles and the flue gas is practically zero. If the carbon 
particles are well dispersed and do not agglomerate during the process, the mass transfer coefficient 
at the gas-solid interface could be calculated by the following equation: 

where d, = particle size (cm) and D Hs= diffisivity of the mercury molecule in flue gas (cm2/s). 
Equation (3) shows that the mass transfer coefficient k, increases with decreasing carbon particle 
size. Any attempts to introduce turbulence to the flow may not have any significant effects on the 
mass transfer coefficient. 
The value reported in the literature for the diffisivity of mercury in air at 341 OC is D,,= 0.473 cm2/s 
which can be corrected to the flue gas temperature (140 OC), DH,= 0.261 (cm'/s). Substituting this 
value into equation (3) gives : 

If no strong turbulence or back mixing occurs in the duct, the gas-solid phase can be modeled as 
a plug flow system. The mass balance equation for a plug flow system is: 

k ' ( C  -C ')Sdz=-FgdCg ( 5 )  s v  

where S is the cross section area of the duct (cmz), F, is the flue gas flow rate (Nm'ls) and dz is the 
differential length of the duct (cm). 

To examine the role of film mass transfer (the maximum mass transfer flux), assume C*<< C, at all 
positions in the duct ( this means that mercury adsorption capacity of the carbon and the carbon 
reactivity are not limiting the mass transfer rate). Equation (6) is obtained by integrating equation(5) 
using the following boundary conditions: 

At the entrance: FO, CpC, 
At the outlet: z=L, CpC, 

where L is the length (cm) of the duct and SL/F =t is the residence time of carbon particles in the 
duct. For 90% mercury removal, Cs=O.ICo and Equation (6) can be rearranged to solve for the 
minimum interfacial area: 

This relationship provides the minimum activated carbon interfacial area required by film mass 
transfer to remove 90% of the mercury from one Nm' of utility flue gas. 
Because only the external surface area of carbon particles serves as the gas-solid interfacial area the 
minimum interfacial area needed for mass transfer implies that a certain minimum amount of carbon 
is required to achieve the desired mercury removal. The minimum amount of carbon and thus the 
minimum ratio of carbodmercury can be calculated as follows. 
For spherical particles the external surface area per gram of activated carbon is: 
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where p. is the carbon particle density in s/cm’. The amount of carbon required for mercury removal 
from one Nml of utility flue gas therefore is: 

(m2/g) 

d 6  d,’Pe (4.4 lZA)/(-) =0.73 53 - 
dpPc 

Ratiaof C/Hg * 
Utility Flue Gas I MSW Flue Gas 

The carbon /mercury ratio can be calculated from the following relationship: 

Carbon PPP’ 
Mercury t (C0-Cc) 

~0.7353 ___ 

5.5 

5 

3 

1 

(9) 

949 2.18 41 17 68 

1044 2.4 3402 57 

1740 4.0 1224 20 

5220 12.0 136 2.3 

Assuming carbon particle size of 10 pm, residence time of 3 seconds, carbon particle density of 0.5 
g/cm’, inlet mercury concentration of 10 pgiNm’, and outlet mercury concentration of 1 pgMml, 
the carbodmercury ratio is: 

Carbon=0.,353x 0.5q 1 Ox 10.‘)’ = ,36 
Mercury 3x(10x10-~~-1x10-‘*) 

This analysis indicates that a high C/Hg ratio is required when the carbon particle size is larger than 
10pm. 
Equation ( IO)  shows that the C/I-lg ratio depends strongly on the particle size. Table 1 represents the 
carbodmercury ratios required for 90% mercury removal under mass transfer limited conditions 
with activated carbon ranging in size from 1 to I O  pm (particle density of activated carbon pc= 
0.5g/cm3 and contact time of 3 seconds were used). 

Table 1 Carbodmercuw ratios for different carbon oarticle sizes 

I 10 I 522 I 1.2 I 13611 I 227 I 
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where D,,, is the mercury effective diffusivity in carbon particle and q(r,t) is the adsorbed phase 
concentration of mercury at position r ( inside the carbon particle) and time t. If the mercury 
concentration at the external surface of the particle remains constant, the following initial and 
boundary conditions apply: 

\ 

The solution to this problem is given by'"': 

where; , the average concentration of mercury inside the particle, is defined by: 

and m, and m, are the uptakes of mercury at time t and t= -. When the fractional uptakes, m, /m-, 
are larger than 70%, the following simplified equation can be used: 

For a particle size of d,,=10 pm, t=3 s, and 90% mercury uptake (m, /m.=0.90), the mercury 
diffusivity in activated carbon can be calculated using Equation (17): 

This value of diffusivity is in the range of configurational difision. The above calculations indicate 
that with a 10 pm activated carban particle, the intraparticle difksion will be important only when 
the pore diameter is about 3 A, i.e., the molecular diameter of mercury. 

It should be noted that in the above calculations it was assumed that the mercury concentration at 
the external surface of the particle remains constant. In the actual process, however, the mercury 
concentration in the flue gas decreases as the particles flow along the duct. If other conditions 
remain same, the diffusivity calculated under this situation is 1.32 x 10 -I cm2/s which is comparable 
to the value calculated using Equation (17). 
From the above calculations, it can be concluded that intraparticle diffusion is unlikely to be the 
controlling step in the carban injection process so long as the micropore size. of the activated carbon 
is larger than around 3 A, which is true for most of activated carbon. 

DISCUSSION 
Assuming that the adsorption of mercury from flue gas is mass transfer limited provides an 
indication of the maximum mercury efficiency possible for a specific amount of sorbent injected or 
an indication of the minimum amount of sorbent needed to achieve a specific mercury removal 
efficiency. The analysis presented in this paper indicates that under certain carbon injection 
conditions, mercury removal from coal-fired flue gas is film mass m f e r  controlled. For example, 
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Miller et al.’ used a C/Hg ratio greater than 3000 for an activated carbon with a weight-averaged 
particle size of 5.5 pm, to remove about 90% mercury from a flue gas. In the same study, for an 
iodine-impregnated activated carbon with a weigh-averaged particle size of 3 pm, the CRlg ratio was 
about 1000. Such C/Hg ratios are comparable to those listed in Table I .  
Full-scale tests ofcarbon injection process in MSW flue gas also confirm the results shown in Table 
1. Licata et a1.9 reported that the equilibrium mercury capacity of an activated carbon used in their 
tests was about 0.33 gHg/gAC which corresponds to a C/Hg ratio of 3 (temperature was not 
mentioned), However, in full-scale MSW tests with the same carbon, a CMg ratio of more than 300 
was used to reduce mercury concentration in the flue gas from 600 to 70 pg/Nm3 at 135 “C. This 
ratio corresponds to 0,0033 gHg/gAC which is only I %  of the equilibrium capacity of the carbon. 
In still another field test, White et al.” found that carbon injection methods (dry or wet) had a 
significant effect on the mercury removal while the type and surface chemistry of the activated 
carbon had not. These data suggested that mass transfer was controlling the mercury removal. 

For conditions where mercury adsorption is mass transfer limited, measures should be taken to 
increase the mercury mass flux (from the bulk gas to the surface of carbon) rather than using a 
carbon with high capacity. To increase the mass transfer, either the mass transfer coefficient, k, or 
the interfacial area, aN, should be increased. According to equation (3) the mass transfer coefficient 
increases with decreasing carbon particle size. Reducing carbon particle size also increases the 
interfacial area, without increasing carbon dosage. The most effective way to reduce the CMg ratio 
is therefore to decrease the carbon particle size. This is clearly shown in Table 1; when the carbon 
particle size is reduced from 10 pm to 1 pm, the C/Hg ratio is reduced from 13,611 to about 136. 
Mass transfer limits only apply when the carbon has sufficiently high reactivity and capacity. When 
the operating temperature of the process is high, e.g. > I  80 ‘C, and the level of mercury removal is 
high, e.g. 95%, then the mercury capacity of carbon may become limiting. In this case, significantly 
larger amounts of carbon may be needed unless better carbon (larger capacity and high reactivity) 
can be produced. 

CONCLUSIONS 
0 The minimum amount of carbon needed to achieve a specific mercury removal efficiency via 

sorbent injection can be predicted by assuming mass transfer limitations. 
Mercury removal effectiveness can be increased by decreasing the size of the carbon injected, 
increasing the residence time, or the amount of carbon injected. 
Intraparticle diffusion is not important because of the small carbon sizes normally used for 
injection. 
If mercury removal is limited by the reactivity and capacity of the carbon (Le. not mass transfer 
limited), then significantly more carbon than predicted by mass transfer limitations may be needed 
for effective mercury removal unless the reactivity and capacity of the carbon can be improved 
through structural and surface chemistry changes. 
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INTRODUCTION 

Activated carbons can be produced from coals by a variety of thermal and chemical- 
thermal methods. A method related to the present paper is the chemical treatment of 
coal with aqueous KOH first at relatively low temperature (315-482 "C), followed by 
carbonization at higher temperatures in the range of 704-982 "C (1). In previous 
publications (2-4) we have shown that temperatures as low as 75 "C in the first step, 
followed by carbonization at 600-900 "C gave good quality, high surface area, active 
carbons. 

Activated commercial carbons produced from coal are used for water purification, 
solvent recovery, supports for catalysts (5) and for SOX and NOx removal from gas 
streams (6). 

Another important use of carbon catalysts for environmental cleaning is the removal of 
halogen from halogen-containing compounds. Two basic approaches could be used: 1. 
gas phase catalyzed oxidation of the halogen-containing compounds to carbon dioxide 
and the corresponding halogen-containing acid (7) and 2. catalytic dehalogenation. The 
case of carbon catalyzed dehalogenation of an alkyl chloride was studied in detail by 
Sohr and Boehm (8). The case of liquid-phase carbon black catalyzed 
hydrodehalogenation of halogenated aromatic compounds was studied by Farcasiu et. al 
(9,lO). An important difference between the oxidative dehalogenation and 
hydrodehalogenation is that in the oxidative method the carbon in the halogen- 
containing compounds is transformed into carbon dioxide, while in hydrodehalogenation 
the halogen removal from an aromatic hydrocarbon is selective and the hydrocarbon 
skeleton is maintained. The two methods address two different environmental situations, 
i.e. the removal of a high concentration contaminant (oxidation), or the selective removal 
of halogen from a hydrocarbon mixture containing some halogen compounds. 

The use of carbon materials such as some carbon blacks, for hydrodehalogenation and 
hydrodehydroxylation of condensed polyaromatic compounds has been reported (9,lO). 
Very good activities and selectivities have been observed with some carbon blacks for the 
hydrodehalogenation of halogenated condensed polyaromatic compounds such as 
halogenated naphthalenes, phenanthrenes, and pyrenes. Only very modest 
dehalogenation was observed for compounds, such as 4-cblorobipheny1, containing 
halogen substituted at benzenic rings. 

When carbon materials are used as catalysts for specific reactions, the preparation of the 
carbon material could be customized to substantially increase in the catalytic activity. 
The role of the carbonization temperature on the catalytic activity (for hydrocracking of 
alkyl substituted condensed polyaromatin) of resorcinol-formaldehyde aerogel-based 
materials has been reported (11). In that work it was shown that the catalytic activity of 
the carbonized aerogels increases with the carbonization temperature, reaches a 
maximum around 1050 "C and then decreases dramatically. Graphite is not active 
catalytically in such hydrocracking reactions. 

We have found that under very defined preparation conditions, carbon materials 
prepared from coal could be very active hydrocracking and hydrodehalogenation catalysts 
for aromatic compounds. We reported recently (12) the idhence of the method of 
preparation on the catalytic activity of coal-derived carbon catalysts for hydrocracking 
and hydrodehydroxylation reactions, 

In the present publication, we will discuss how various parameters could be varied during 
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the preparation of coal-based catalysts to optimize their activity for the dehalogenation 
reaction of halogenated aromatic compounds. 

EXPERIMENTAL 

Various coals were activated using a two step procedure at the Center for Applied 
Energy Research (2). The first step involved the mixing of a solution of potassium 
hydroxide with -100 mesh cleaned coal (KOH to coal weight ratio 1.421). This mixture 
was heated at 75 "C for two hours under nitrogen. The heat treatment temperature 
(H'IT) at 800 "C or 900 "C for one hour is the second step, followed by leaching to 
remove KOH. 

Indiana VI1 is a hvC bituminous coal and was cleaned at Entech Global, Inc, using two 
different methods. Selective agglomeration (SA) is a method for rejecting mineral 
impurities from ground coal using pentane and heptane as reusable bridging liquids. 
Microcelm Column (MC) is a column flotation method. Wyodak Black Thunder is a 
subbituminous coal, and Illinois Basin hvC coal (IBC) is a high volatile, bituminous coal. 

The surface areas of these activated carbons were measured by nitrogen adsorption at 77 
K using the BET method. 

Two activated carbons, WS 4 and Centaurm HSV, were donated by Calgon Carbon 
Corporation. The WS 4 carbon is prepared from dense wood and thermally activated, 
while Centaurm HSV is prepared from bituminous coal. A carbon black, Black Pearls 
2000 (BECOO), was donated by Cabot Corporation. 

The dehalogenation activity of various carbon catalysts was tested for the debromination 
of 1-bromonaphthalene in the presence of a hydrogen donor, 9,lO-dihydrophenanthrene 
(9,lO-DHP). The reaction conditions were in all cases: 350 "C, 1 hour, wt. ratio 1- 
bromonaphthalene : 9,lO-DHP : catalyst 1 : 4 : 0.1. The experimental procedure is 
explained elsewhere (9). 

Gas chromatographic analysis of the product was carried out on a Hewlett Packard 
589OA Series II, equipped with a JW-SE-42 column and a FID. 

RESULTS AND DISCUSSION 

We observed previously (9,12) that the reaction-specific catalytic activity of some 
synthesized carbon catalysts could be optimized by varying the preparation conditions. 
We observed that the preparation is reaction-specific and chemical reactions with various 
mechanisms could require quite different carbon materials to achieve optimum catalytic 
activity. We believe this fact is related to the presence of several types of active sites on 
the surface of the catalyst and to their relative concentration and/or strength, as a 
function of the preparation conditions. We will discuss how such a preparation could be 
optimized for the dehalogenation of halogenated condensed polyaromatic hydrocarbons. 
The method €or the synthesis of coal-based carbon catalysts is described in the 
experimental part. Several parameters are very important in the preparation of coal 
based catalysts according to this method: 

1. the temperature of step 2 (H'IT) 
2. the rank of coal 
3. the method of coal preparation/cleaning prior to activation 

1. Influence o f the temperature in step 2 (m 
We have found that catalysts for hydrodebromination and hydrodehydroxylation reactions 
can be made by chemically activating coals (Table 1). These activated carbons perform 
better than commercially available carbon materials such as BE2000 (Cabot), WS 4 and 
Centaurm HSV (Calgon). As shown in Table 1, the extent of the hydrodebromination 
of 1-bromonaphthalene is greatest when the heat treatment temperature (HTT) in step 2 
reaches 800 "C. At this temperature, surface area is at a maximum, but as can be 
observed from the conversion data, the increase in surface area alone cannot explain the 
difference in reactivity. In the case of the hydrodehydroxylation of 2-naphthol, the 
maximum conversion is reached at 700 "C and appears to become steady above that 
temperature. For comparison we show data (Table 1) on the catalytic activity of some 
commercial active carbons. BE000 and WS 4 are nearly the same for both reactions. 
However taking into account the higher surface area of BPZ000, WS 4 appears to be a 
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I 
F slightly more active catalyst. Centaurm HSV, which is made from bituminous coal, is the 

least active in our reactions. 

The products in the hydrodebromination reaction are tetralin, naphthalene, and 2-bromo- 
5,6,7,8-tetrahydronaphthalene. The hydrodebydroxylation reaction yields tetralin, 
naphthalene, naphthalone, and 2-hydroxy-S,6,7,8-tetrahydronaphthalene. 

The influence of HTT in step 2, was also observed for Indiana VI1 activated carbons in 
Table 2. 

2. Influence of coal rank 

We found that a H l T  of 900 "C is optimal for both Indiana W bituminous coal and 
Black Thunder subbituminous coal in the hydrodehalogenation of 1-bromonaphthalene. 
However, if we compare the highest hydrodehalogenation values, the catalyst prepared 
from subbituminous coal is better than the catalyst prepared from bituminous coal. 
Under our test conditions, the best catalyst obtained from Indiana VI1 gave a conversion 
of 1-bromonaphthalene of 62% as compared with 76% for the best preparation from 
Black Thunder subbituminous coal. Whether these results represent the general case, 
and better catalysts for the debromination can be obtained from subbituminous coals, is 
far from being proven and therefore more cases should be studied. 

L. 1 3. Influence of the m l i  i '  f h  c r  n 
1 catalvsts 

To avoid a large concentration of mineral matter in the activated carbons prepared from 
coals, the coal mineral matter should be substantially removed prior to activation. We 
started a systematic study in this area using Indiana VI1 precleaned by Entech to about 
2.6 % ash by two different cleaning methods: solvent agglomeration and column flotation 
(see the experimental section). Cleaning the same coal using a dry separation method 
(tribo-electrostatic separation) is in progress, and the coal obtained by this method will 
be also used to prepare carbon catalysts. The results obtained to date are given in Table 
2. 

The data (Table 2) seem to indicate that coal cleaning by aqueous flotation (MC) in the 
presence of low amounts of surfactants is a preferred method to clean coals prior to 
synthesis of the catalysts. It may be that the coal cleaning method influences the types of 
active sites present on the surface of carbon catalysts, and therefore it may be possible to 
control the selective catalytic properties by choosing the conditions of the catalyst 
preparation. 

CONCLUSIONS 

Carbon materials prepared from coals could be used as active and selective catalysts for 
reactions of interest in environmental chemistry, such as the dehalogenation of 
halogenated condensed polyaromatin and the dehydroxylation of phenols or condensed 
polyaromatin. We have identified three important parameters to be considered in the 
catalyst preparation: 1. the temperature of step 2 (Hl'T); 2. the rank of coal, 3. the 
method of coal preparation/cleaning prior to activation. 
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Table 1. Effect of Heat Treatment Temperature (HlT) on Hydrodebalogenation and 
Hydrodebromination Reactions. 

COAL1. 

Indiana ViI-SA 

%  CONVERSION^. 

1-Br-naphthalene 2-Naphthol 

H?T SURFACE % CONVERSION', 
AREA 

"C m2/g 
800 1602 50 

1. Wt ratio Catalyst:l-Br-naphthalene or 2-naphthol:9,10-DHP= 1:10:40; reaction 
temperatures for 1-Br-naphthalene or 2-naphthol are 350 "C and 410 "C, respectively , 
for 1 hour. 

Table 2. Effects of Coal Cleaning Methods on the Conversion of 1-Br-naphthalene. 
I d 3  

Indiana VII-SA 

Indiana W - M C  

Indiana W - M C  

~~ ~ 

900 2180 59 

800 1790 57 

900 1997 69 

1. SA=Selective Agglomeration; MC= Microcel" Column. 
2. Catalyst:l-Bromonaphthalene:9,lO-DHP = 1:1040 at 350 "C for 1 hour. 
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THE POTENTIAL FOR INCREASING THE USE OF 
CATALYTIC CARBONS IN COMMERCIAL APPLICATIONS 

Carl W. Kruse, Illinois State Geologicai Survey, 
615 E Peabody Drive, Champaign, IL 61820 

Keywords: Catalysis, oxidized activated carbon, elimination reactions 

ABmRAa 
A carbon catalyst, prepared either by oxidizing activated carbon with air at 500-700°C or by 
oxidizing activated carbon with boiling nitric acid followed by heating it to 500-700"C, is the 
subject of this paper. This critalyst, designated OAC,,, catalyzes the removal of hydrogen 
chloride' from alkyl halides. Because OAC,,, retains adsorptive properties of an activated 
carbon it can be used both to adsorb pollutants from liquid or gaseous streams and to convert 
them to recyclable products. A highly-developed micropore structure is not required for all uses 
of activated carbon or a catalyst produced from it. A comparatively inexpensive ($325/ton 
projected) low surface area (e300 m2/g) carbon has been developed at the Illinois State 
Geological Survey (ISGS) for cleaning incinerator flue gas. This grade of activated carbon is 
widely used in Europe forlflue gas cleaning and for other applications. Activated carbon 
adsorbers of some type are required by recently passed U.S. Environmental Protection Agency 
(EPA) regulations for municipal waste combustors to control emission of cadmium mercury, 
lead, dioxins, furans and acid gases (U.S. EPA, 1995). Similar regulations are expected for 
hospital and hazardous waste incinerators. The marketing of less costly activated carbons of the 
type used widely in Europe is expected in the United States. Low cost OACm,m made from less 
expensive grades of activated carbon may become available for large scale adsorbent/catalyst 
systems designed to both remove and decompose toxic pollutants found in liquid and gaseous 
streams, chlorinated organic compounds in particular. 

INTRODUCTION 
OAC,, has the potential to solve a number of environmental problems associated with 
misplaced organic chlorides. Chlorinated compounds in drinking waters and aquatic 
environments have become a significant topic for study by scientists concerned about effects of 
direct toxicity and/or carcinogenicity on human and aquatic life (Hanson, 1994). A correlation 
between surface water chlorination and cancer mortality rates in humans has been shown to be 
statistically significant (Kalmaz and Kalmaz, 1981). The chlorination of surface waters has been 
shown to produce high levels of trihalomethanes (THMs) (Bellar et al., 1974). Roughly.98% of 
this nations drinking water systems use chlorination. More than 300 chlorinated organic 
compounds have been identified in chlorinated potable waters, cooling waters, and sanitary 
eftluents (US. Environmental Protection Agency (EPA), 1975). Activated carbons are needed 
to capture, concentrate, and decompose pesticides and THMs that are formed when the water 
is chlorinated (Graham and Ramaratnam, 1993). Regeneration with steam or superheated steam 
in the field is practical with low molecular weight volatile organic compounds (VOCs), but less 
volatile organics may require high temperatures (750-850°C) if regeneration of the expensive 
types of activated char now available is required. 

The destruction of halogenated organics in wastes is another potential use of OAC,,, 
Halogenated organic compounds account for a major portion of toxic and persistent hazardous 
wastes. In Illinois, the General Assembly in 1981 passed a bill which prohibits landfill disposal 
of hazardous wastes effective January 1, 1987, unless the generator and disposal site operator 
can demonstrate that no reasonable alternative is available. In 1983, this schedule was 
accelerated for liquid hazardous wastes; P.A. 83-1078 prohibits landfill disposal of liquid 
hazardous wastes unless there is no reasonable alternative. A November 7, 1986, rule on 
solvents and dioxins began the phasing out of all landfill disposal of halogenated solvents. 
Methods which will convert some of this hazardous waste into recyclable chemical compounds 
are high priorities for the Illinois Hazardous Waste Research and Information Center (Miller, 
1990). 

The destruction of halogenated waste compounds is also a goal of the US EPA A US EPA 
report describes an experimental project at Radian Corporation, Research Triangle Park, North 
Carolina, to validate the effectiveness of a treatment of halogenated waste compounds with a 
reagent composed of potassium hydroxide in a relatively small quantity of polyethylene glycol 
(Harden & Ramsey, 1986). It was effective in destroying the organic compounds chosen as being 
representative of low molecular weight compounds encountered in hazardous wastes including 
CCI,, CHCI, CH2CI, GH,Br, and CCI@O, 

Potential uses of OAC,,,, go beyond the problem of chlorinated organics. O A L l m  has 
recently been shown to catalyze other elimination reactions including the dehydration of 
alcohols, the deamination of amines and the dehydrosulfurization of mercaptans ( h s e  et al., 
1991). 

451 



BACKGROUND 
Oxygen complexes control many of the properties of activated carbons (Boehm and Bewer, 
1976; Leon y LBon D. and Radovic, 1994). An oxidized carbon catalyst of a type first described 
in the patent literature (Kruse and Ray, 1966) is the focus of this paper. It was initially 
produced by air oxidation of carbon blacks and activated carbons in the 500-700°C temperature 
range and is now designated OAC,, It was effective for the dehydrochlorination of alkyl 
halides and promoted polymerization of chloromethyl aromatics (Kruse, 1969a). Incorporating 
potassium salts into the catalyst inhibited skeletal rearrangements of olefins produced from 
monochloro n-alkanes (Mahan et al., 1967). Continuous vapor phase dehydrochlorination of 
mixed linear C,,-C,, monochlorides gave 295% conversion for 690 hours (735 g of alkyl 
chlorides/gram catalyst) with OAC,, produced from Darco activated charcoal (Kruse, 1969b). 
Engineers advising the inventors of this catalyst believed the costs would be too high for one- 
time use in a commercial plant. Regeneration was achieved with a steam-nitrogen mixture at 
750°C but predicting the time needed to attain the desired precise amount of burn-off was 
difficult. Too much gasification shortened catalyst life. The regeneration method and the 
projected catalyst cost were among the factors that frustrated commercial development in the 
late 1960s. The commercial price of activated carbons marketed in the United States remains 
high today, at approximately $0.40 to dollars/pound (one to a few dolladkg) and OAC,,m 
manufactured from them will bear the same high cost liability of the 1960s. 

Not all processes require the expensive, high surface area adsorbents that dominate the U.S. 
domestic market. STFAG'S a/c/t* process is one of the processes being offered for licensing 
in the United States to clean incinerator flue gas. It does not require a sorbent with a N, BET 
surface area greater than 300 mZ/g (Bruggendick, 1993). The spent sorbent from SIEAG's 
process is not regenerated, and regeneration may not be necessary with other processes using 
lower cost, lower surface area activated carbon. The state of Illinois through its Illinois Clean 
Coal Institute has demonstrated that an activated carbon satisfactory for use in SEAG's 
process can be produced from Illinois coal (Kruse et al., 1995b). The projected price by the 
ISGS for this sorbent, if produced in a dedicated plant having an 80,OOO tondyear capacity, is 
%325/ton (%0.35/kg). 

The price of the adsorbent (herdofenkoks) used by STEAG's European licensees is about 
$0.15/lb ($0.33/kg). This less costly activated carbon adsorbent has been available in Europe for 
several decades. Adsorbents of this type, made from brown coal, are known in Germany as F- 
coal and in Russia as S-coal (Smisek, 1970). They are used in technical applications for which 
cost and not adsorption capacity is the primary concern. This is the case when the active life of 
the material is for some reason low and replacement is not dictated by inadequate adsorption 
capacity. For example, the desulfurization of industrial gases using activated carbon is effective 
because activated carbon catalyzes the reaction 

The sulfur, deposited in the pores of the active carbon, is extracted when the hydrogen sulfide 
in the gas exceeds a prescribed limit. Gas-adsorption active carbons are not suitable for this 
purpose. For this use, the important factor is not a highly developed microporous structure, but 
the number of macropores. The best results are obtained with F-coal. 

DISCUSSION 
A two step method for producing OACm, is a recent development (Kruse, 1995). The 
discovery that the oxidation of an activated carbon with boiling nitric acid followed by 
desorption of most of the COzforming oxygen complexes in an inert atmosphere produces 
OAC,, was a by-product of other research. Duringa study to determine the effect of oxygen 
complexes on the selective adsorption of targeted compounds from water, a series of carbons 
having differing levels of oxygen complexes was prepared by thermally desorbing CO, and CO 
from oxygen complexes introduced by nitric acid oxidation (Feizoulof et al., 1993). Adsorption 
isotherms for pnitrophenol (PNP) were determined for the series of carbons and plots were 
made of the data using the Freundlich equation. The slope of the line generated in these plots 
is a measure of the strength of adsorption. The strength of the adsorption of PNP went through 
an unexpected maximum between desorption temperatures of 425°C and 725°C material 
desorbed at 525°C had the highest slope (figure la). The adsorption tests were then repeated 
with carbons produced by desorption at 475"C, 5Zs0C, 575°C and 625°C. The strongest 
adsorption was at 575°C (figure Ib). 

Initial catalyst work by the author in the 1960s showed that the oxygen complexes put on below 
about 300-400"C did not produce dehydrohdogenation catalysts. Heating to 800°C destroyed 
the catalyst properties. A temperature of 600°C was an ideal mid range temperature for 
producing the active catalyst. Because temperature programmed desorption (TPD) in the recent 
studies showed the oxygen complexes on materials produced by the two methods, i.e., air (or 
dilute oxygen) oxidation (figure 2 e,f) and the two step oxidatioddesorption method (figure 2 
b,c) were similar and the strength of the adsorption of PNP went though a maximum at the 
preferred temperature (600°C) for producing the catalyst with air, comparisons of catalyst 

2H,S + 0, --> 2 H,O + 2s + 106 kcal 
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activity were made. The percent conversion in a vapor phase dehydrochlorination of 1,1,2,2- 
tetrachloroethane at 450°C over a bed of the test material was the measure of c a t a t  activity 
(Fatemi et al, 1993). The material produced by desorption of oxygen complexes at 500-7WC 
was indeed a good catalyst (Kruse et al., 199Sa). It appears that CO-producing oxygen 
complexes are essential and that the C0,producing complexes that are desorbed by heating to 
500°C reduce catalyst activity. A similar effect for catalyzing oxidation reactions was stated by 
Boehm et al. (1984), "enhancement could sometimes also be observed after chemisorpiton of 
oxygen. There was no clear-cut picture in this case, however, the general impression is that 
catalytic activity is enhanced by basic surface oxides, whilst acidic surface oxides are inhibitory". 

The adsorption properties of the starting activated carbon are modified but not lost by making 
it a catalyst. Most of the initial carbon's adsorption capacity is available to remove a variety of 
pollutants from liquid and gas streams and, in addition, OAC,, has the potential to convert 
many classes of pollutants to recyclable compounds (Kruse et al., 1992; Beaulieu et al., 1992; 
Fatemi et a]., 1993; Feizoulof et al., 1993). 

COMMERCIALIZATION 
Important factors for future commercial development of OAC,, include (1) how it ranks in 
competing tests with other catalysts, (2) comparative disposal costs and (3) availability and 
pricing. Po r~us  glass (unglazed porcelain) (Lycourghiotis, 1976), silica gel, (Misono, 1973, 
Lycourghiotis et al., 1981; Mochida et al., 1981; Suarez and Mazzieri, 1987), E18  crown ether- 
potassium chloride on silica gel (Fujitsu et al., 1985), alcoholic potassium hydroxide, and the 
new Calgon carbon catalyst, Centaur, are among its rivals. Extensive comparative tests of 
OAC,, and other catalysts will be necessary to determine the strengths and weaknesses for 
specific applications. The disposal costs must be weighed against regeneration costs. Incineration 
appears an option for OAC,,,, and Centaur not available to other catalysts. It remains to be 
seen how much the price of Centaur (about $2.50/pound today) will decrease with large scale 
production. 

The estimated production capacity of activated carbon in the United States, whichcurrently has 
N, BET surface areas from 500-2500 m2/& was estimated in 1990 to be 146,000 metric tons 
(Baker et al., 1992). Retrofitting only a fraction of the existing incinerators with carbon-based 
systems would create a demand greater than exists today for all types of activated carbon. 
Because of the number of grades of activated carbon marketed today, the prices reflect fine 
chemicals prices, often in dollars per pound. With the arrival of dedicated facilities for 
producing 80,000 tonlyear or more of one type of activated carbon, the prices can be expected 
to decline, whatever the grade of activated carbon marketed The future cost of OACm, 
should parallel the decreasing prices of activated carbon marketed in the Unied States. 

CONCLUSIONS 
The high cost of many technically feasible systems for protecting the environment prevents 
serious consideration of their use. Providing the data base on lower cost adsorbents and catalysts 
will promote their commercial availability in the future. A low temperature oxidatioddesorption 
sequence has been developed; this process is not only more readily managed than air oxidation 
at 500-7M)"C for producing OAC,, dehydrochlorination catalyst but may also be adaptable 
to regenerating the catalyst activity of fvred beds in place. The projected availability of lower 
enst activated carbons means lower cost OAC,,,, produced from them. There are many areas 
where organic halide capture and destruction can be tested for addressing environmental 
pollution problems. The recycling of hydrocarbons that are produced by removing hydrogen 
chloride, water and hydrogen sulfide from a host of organic compounds would support the 
growing emphasis on recycling misplaced and spent materials. 
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Figure 1. Freundlich equation plots for p-nitrophenol on HNO,oxi&ed activated carbon 
desorbed to the temperature shown. 
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Figure 2. TPD profiles of HNO,+xidized chars desorbed at 25°C to 925°C and oxygen oxidized 
samples. 
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ABSTRACT 
Laboratory studies have identified the cause of the pH rise, which occurs during water treatment 
with activated carbon, as an interaction between the naturally occurring anions and protons in the 
water and the carbon surface. The interaction can be described as an ion exchange type of 
phenomenon, in which the carbon surface sorbs the anions and corresponding hydronium ions 
from the water. These studies have shown that the anion sorption and resulting pH increase is 
independent of the raw material used for the activated carbon production, e.g. bituminous or sub- 
bituminous coal, peat, wood or coconut. Also, the pH excursions occur with virgin, reactivated, 
and acid washed granular carbons. Current pH control technologies focus on adjustment of the 
wastewater pH prior to discharge or recycle of the initial effluent water until the pH increase 
abates. However, improved water pH control options have been realized by altering the carbon 
surface through controlled oxidation rather than the water chemistry or extended preprocessing at 
the treatment site. 

INTRODUCTION 
Many times, the start up of granular activated carbon adsorption systems for the control of organic 
contaminants in wastewater exhibits unacceptable increases in the adsorber effluent pH. This 
increase can result in an effluent pH exceeding NPDES permits. Experience shows that the 
duration of the pH increase ranges from several hours io several days, during which time several 
hundred bed volumes of water can be discharged with a pH in excess of 8.5 to 9, which are typical 
high limits on discharge pH. 

Historically, the methods used in the remediation of the high pH effluent were to treat the effluent 
with acid to lower the pH. to backwash the system for extended periods of time, or to recirculate 
the water until the pH rise naturally abated. Obviously, an incentive exists to remediate the 
problem with methods other than the extensive and expensive ones mentioned here. As a result, a 
program was begun to identify the cause of the pH excursions and provide a cost effective 
remediation to the problem. 

EXPERIMENTAL 
The activated carbons used in this experimentation were both virgin and reactivated, acid washed 
and non acid washed, and produced from a wide variety of raw materials. The water used in the 
experimentation was either tap water from the Robinson Township Municipal Authority, a suburb 
of Pittsburgh, or ultra pure Milli-Q Plus water (Millipore Corp. Bedford, MA). Additionally, when 
examining specific anion effects, the sodium salt of sulfate, chloride, or nitrate was added to the 
Milli-Q water. These salts were Fisher ACS grade or equivalent. 

pH measurements were performed following Standard Methods'. Anion analyses were performed 
with a Dionex Model 14 Ion Chromatograph (Dionex Corp. Sunnyvale, CA). Cation analyses 
were performed using atomic absorption spectroscopy. 

The experimental apparatus consisted of a one inch ID x 12 inch L Pyrex glass column through 
which the water was pumped upflow with a Milstemex peristaltic pump and tygon tubing. Each 
carbon was boiled in Milli-Q water for 15 minutes, cooled to room temperature, and then 
transferred to the column. The water flow rate provided approximately 7.5 minutes empty bed 
contact time (EBCT), and discrete samples were collected for analysis. For the anion specific 
experiments, the water was prepared in a seven gallon, glass carboy. 

The oxidized carbons were prepared at both high and low temperature with air as the oxidant.".6 
Carbon pH measurements on both oxidized and non-oxidized carbons were performed by gently 
stirring 25 g of carbon in 100 mL. of a sodium sulfate solution (80 mg sulfate&) for 30 minutes. 
This procedure is referred to as the modified contact pH. 
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RESULTS AND DISCUSSION 

The extent and duration of the pH excursion depends upon the water quality. Using Filtrasorb 200 
as the test carbon in this simulation, the water was varied from tap to Milli-Q water. Figure 1 
shows that tap water from Robinson Township, PA yields a pH rise up to 10. With the Milli-Q 
water, the excursion is very limited, i.e. 40 bed volumes when the pH drops below 8.5. However, 
the pH excursion can occur with Milli-Q water through the introduction of any of a number of 
anions. Shown in Figure 1 is the effect of sulfate addition on the pH spike. Adding 80 mg/L of 
sulfate causes the pH spike to return and the pH profile closely matches that of tap water. 
(Throughout this discussion, 8.5 pH is chosen as the reference point for a pH excursion.) 

The type of anion does not have a significant effect on the excursion, and concentration only 
affects the pH profile at low anion concentrations. Table 1 highlights the excursion that occurs as 
the anion concentration and anion changes. When the anion changes fiom sulfate to chloride to 
nitrate, the impact of the anion is negligible with the pH peak occurring around 10 and the 
excursion lasting about 400 BV. Only at very low concentrations does the pH spike become 
muted. The loading of the anions ranges from 3.3 to 4.3 mg/L after treating 400 bed volumes of 
water. Cations were not removed by the carbon. - 
A pH excursion has been shown to be independent of the raw material and whether or not the 
carbon is acid washed. Figure 2 shows that whether the carbon is prepared from bituminous or 
sub-bituminous coal, coconut, wood, or peat each carbon exhibits an increase in pH when the 
carbon is brought on line. This same conclusion results when the carbon is acid washed and also 
following reactivation. 

It is believed that the pH excursions are a function of the activated carbon surface that results from 
the high temperature activation or reactivation process. Huang’ broadly classifies activated 
carbons as H or L types of carbon. In these broad categories, an H-type carbon, produced at high 
temperature in a reducing atmosphere, adsorbs strong acids while L-type carbons, produced by 
surface oxidation, adsorb strong bases. Thus, adsorption of “acid groups” as witnessed by 
Snoeyink2 may be responsible for upsetting the water equilibrium. This adsorption may actually 
be protonation of pyrone type surface oxides (Leon y Leon3) or other structures on the carbon 
surface. Following protonation, the surface IS charge neutralized with the sulfate, chloride, or 
other anions which may be present in the water. In absence of these ions, the neutralization of the 
surface occurs with the hydroxide ions that result from hydrolysis of water which initially yielded 
the protons. It may actually be more accurate to say that the anions (sulfate, chloride, etc.) 
exchange with the hydroxide ions following protonation; however, additional testing will be 
required to conclusively determine the mechanism. 

An effective remediation of the pH increases is accomplished through the controlled oxidation of 
the activated carbon surface, prior to treating the water, which alters the carbon surface to stabilize 
the effluent water pH. Two methods have been developed to achieve this. First, an elevated 
temperature oxida t i~n~.~  provides surface oxides that inhibit the ion exchange phenomenon and 
stabilize the pH. Likewise, a low temperature oxidation also effectively stabilizes the water pH6.. 

When carbon prepared by either of these methods is exposed to water, the excessive pH rise in the 
effluent water is eliminated. Figure 3 shows that both the high temperature and low temperature 
oxidized pH stable carbons can keep the effluent water pH at or below the target pH of 8.5. 
Further, effluent water pH stabilization can be accomplished for both the synthetic water prepared 
with Milli-Q water plus sulfate and also tap water, which had an initial pH of 7.8. The two 
stabilized pH profiles were developed with virgin carbon (Milli-Q plus 80 mg/L sulfate) and 
reactivated carbon (tap water) which demonstrates that the oxidation processes are applicable to 
both virgin and reactivated carbons. The modified contact pH of the oxidized virgin carbon was 
7.4 while the oxidized reactivated carbon had a modified contact pH of 8.5. Finally, b a n d  
Farmer’ demonstrated that pH stabilized carbons can be implemented easily in full scale systems. 

Y 
A modification has been made to a standardized pH test to predict whether a carbon will exhibit a 
significant pH rise. The standard test contacts carbon with deionized water. With this test, most 
carbons will have a contact pH between 6 and 8. However, by adding sulfate to the deionized 
water, greater pH changes can occur, and the test can be used to predict whether the carbon will 
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cause a rise in the effluent water pH. Table 2 shows that carbons with a modified contact pH 
above about 9 will exhibit a pH increase. Also, with the exception of the wood base carbon, as the 
modified contact pH decreases, the duration of the pH increase generally decreases. 

SUMMARY AND CONCLUSIONS 
Stabilization of the effluent water pH has been demonstrated through the use of oxidized granular 
activated carhns. This oxidation can be accomplished at both low and elevated temperatures 
through the use of air, oxygen, or other suitable oxidants and is applicable to both virgin and 
reactivated carbons. Prediction of the ability of a carbon to stabilize the effluent water pH is also 
possible through the use of the modified contact pH test. 
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Table 1. Effect of Anion and Anion Concentration on Effluent pH Profile 

pH Excursion 

Anion mpn PH Bed Volumes 

Sulfate 80 10.5 360 

Chloride 18 10.2 420 

Nitrate 5.3 9.8 >410 

Sulfate 1 9.4 220 

Concentration MaximM Duration 

Duration of the pH spike represents volume of water treated until pH I 8.5 
Water used was Milli-Q water spiked with the referenced amount of anion 
Anion loading is represented as mg aniodg GAC after treating 400 bed volumes 

Table 2. Modified Contact pH and Extent of pH Excursion 

Activated Carbon 

Bituminous 

Sub-bituminous 

Peat 

Coconut 

Bituminous-acid washed 

Wood 

Reactivated bituminous 

pH Stable 

Modified Contact pH 

10.4 

10.4 

11.1 

10.3 

9.8 

9.6 

10.6 

8.2 

Anion Loading 
mg/g GAC 

4.3 

3.3 

3.9 

0.73 

pH Excursion 
Duration (Bed Volumes) 

350-400 

350 

460 

200-250 

200-250 

550 

400 

0 
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EFFECTS OF SURFACE CHEMISTRY OF ACTIVATED CARBON ON THE 
ADSORPTION OF AROMATICS CONTAINING ELECTRON-WITHDRAWING 
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INTRODUCTION 
Adsorption of organic water pollutants onto activated carbon surfaces has been 

studied extensively and a voluminous literature is available on this increasingly 
important practical problem [1,2]. There are many well established facts; there are 
also some conflicting data, More importantly, conflicting interpretations have been 
offered and no attempt seems to have been made to reconcile them. Because many 
of the pollutants are weak electrolytes, the central fundamental issue is how to 
account for the well documented importance of (a) the pH of the aqueous solution, 

In an early study, Getzen and Ward [3,4] presented a Langmuirian theoretical 
framework for the adsorption of both ionic and molecular adsorbate species as a 
function of pH. Their approach provided an explanation for the often observed 
maximum in adsorbate uptake at pH = pKa, without explicitly taking into account 
the changes in the surface chemistry with pH. The explanation for an acid adsorbate 
is as follows: as pH decreases toward the PKa value, HC ions as well as organic 
anions are adsorbed on the surface. Since the concentration of H+ rapidly exceeds 
that of the weak electrolyte anions, the former adsorb on the carbon surface far in 
excess of the anions and subsequently enhance anion adsorption. However, because 
the concentration of anions decreases as pH increases, a point of diminishing 
returns is eventually reached and a maximum in adsorption uptake is observed. 

In another milestone study, Miiller et al. 15-71 used the same approach based on 
Langmuirian competitive adsorption of ionic and molecular species, but accounted 
explicitly for the pH-induced variations in the adsorbent surface charge. This 
allowed them to provide a more rigorous explanation of the adsorption maximum 
at pH = pKa in terms of both adsorbate and adsorbent properties. It is necessary that 
considerable ionization of the adsorbate (solute) take place while the surface still 
possesses a charge that is opposite to that of the ionic solute. In particular, for an 
acidic solute, it is necessary that, for a given pH increment, the magnitude of the 
slope of the solute dissociation curve be larger than that of the surface potential 
curve. 
Our interest in this topic [8,9,10] stems from the realization [11,12] that the lack of 

understanding of adsorption of inorganic solutes on carbons has suffered for many 
years from a lack of appreciation of the amphoteric nature [13] of carbon surfaces. 
Based on intriguing results for adsorption of benzoate, oxalate and fumarate anions 
on chemically modified (oxidized vs. nitrided) activated carbons [14], we proposed 
the following mechanisms of adsorption: (a) adsorption of benzoate (aromatic) 
anions occurs primarily on the basal plane of carbon and the electron-withdrawing 
effects of nitrogen and carboxyl functional groups suppress the interaction of the 
basal planes with the adsorbate's aromatic rings; @) adsorption of aliphatic anions 
occurs also predominantly on the basal plane and the same electron-withdrawing 
effects enhance its interaction with the carboxyl anions. More recently, we have 
begun to spdy in some detail the relative importance of dispersion and electrostatic 
adsorbate/adsorbent interactions as we examined the uptake of methylene blue and 
p-nitrophenol, as well as benzoic acid and oxalic and fumaric acids [15]. We 
concluded that, while electrostatic interactions are important, E-n dispersion 
interactions appear to be dominant in the adsorption of aromatic solutes. On the 
other hand, electrostatic repulsion appears to be much more important for the 
adsorption of aliphatic anions. These are important and arguably novel findings, 
and their further investigation (and substantiation) is of interest. 

In the present study, we contrast the behavior of chemically different carbons in 
adsorbing two vastly different aromatic solutes: nitrobenzene is a very weak Lewis 
acid that possesses the electron-withdrawing NO2 group, while aniline is a 
predominantly cationic species at pH < 4.6 which also possesses the electron- 
donating N H 2  group. 

(b) the surface chemistry of the adsorbent. 
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EXPERIMENTAL SECTION 
Two commercial granular carbons, NORlT GCW and Calgon BPL, were used as 

the adsorbents. Oxidation of GCW was performed by contacting the sample with 
concentrated P O 3  at 363 K for 6 h. The sample was washed until neutral pH was 
achieved, and dried at 380 K before use. The reaction with NH3 (nitriding) was 
carried out in a tubular furnace flushed at a flow rate of 30 cc/min. The temperature 
was kept constant for 3 h. Prior to use, the sample was washed and dried. 
Devolatilization of the carbon was achieved by heat treatment in inert atmosphere 
at 1173 K. Elemental analysis of the samples was performed using LECO CHN-600. 
Maximum nitrogen incorporation was observed at 673 K. 

The isoelectric point (IEP) and the point of zero charge (PZC) were measured by 
electrophoresis and mass titration, respectively. The IEP was determined with a 
Zeta-Meter System 3.0+ apparatus, using lG-3 M KNO3 as the indifferent electrolyte; 
the plateau in the plot of equilibrium pH of the slurry vs. solid weight fraction 
identified the PZC of a carbon. Additional chemical surface characterization of the 
as-received and modified carbons was attempted briefly using XPS (ESCALAB 200A- 
VG). Physical surface properties of the carbons were determined using an Autosorb 
adsorption apparatus (Quantachrome). 

Adsorption isotherms were obtained by adding different amounts of carbon to 
Nalgene flasks containing 0.1 g/L of aniline or nitrobenzene. The pH was adjusted 
with NaOH or HCI. The suspensions were shaken until equilibrium was reached 
(ca. 24 h), and the residual adsorbate concentrations were measured by uv 
spectroscopy. 

1 
1 

RESULTS AND DISCUSSION 
Table 1 summarizes the physical and chemical characteristics of the GCW 

area or micropore volume were observed, in agreement with our previous studies 
[12,14]. Curiously, for a nitrided sample that had been oxidized previously, a higher 
N incorporation (-7 wt%) was achieved (at 658 K for 3 h) at the expense of a drastic 
decrease in BET surface area (-300 m*/g). 

The values of PZC were consistently higher than those of IEP, in agreement with 
previous studies [12,14]. They indicate surface charge inhomogeneities within the 
carbon particles [12,14]. More recently, this difference between IEP and PZC values, 
i.e., the combination of electrophoresis and mass titration, was shown to be a 
powerful tool for the analysis and design of surface chemistry of active carbons, 
especially for determining the spatial (radial) distribution of the acidic oxygen 
functional groups within carbon particles [16]. 

Deconvolution of the broad and complex Nls XPS peaks of nitrided carbon [lo] 
suggests the presence of pyridine (or nitrile groups), as well as amide, amine and 
pyrrole groups. 

FiguIes 1-3 show the behavior of the different carbons in adsorbing aniline under 
widely varying solution chemistry conditions. A significant effect of solution 
chemistry (pH) on the uptake is observed for both as-received and modified carbons. 
The effect of carbon surface chemistry is seen to depend on pH. The uptakes at 
pHSPZC are enhanced by surface oxidation; at pH=ll  the effect is much less 
pronounced. 

Figures 4-6 show the behavior of the different carbons in adsorbing nitrobenzene. 
In contrast to the findings for aniline, solution chemistry (pH) had little effect on the 
equilibrium uptakes. The effect of surface chemistry is seen to be much more 
important. The as-received and devolatilized carbons had the highest uptakes, while 
adsorption was suppressed for both nitrided and oxidized carbons. 

Some of the phenomena observed in the present work were observed in the 
published literature. Some of them were also misinterpreted, as  argued in more 
detail elsewhere [2,10]. The principal reason for these misinterpretations is the 
failure to recognize the amphoteric nature of carbon surfaces and its effects on 
electrostatic adsorbate/adsorbent interactions. For example, in a large number of 
studies it is assumed that the carbon surface acquires a net negative charge over a 
very wide range of pH conditions (171. A typical example of the resulting 
inconsistencies is a discussion of phenol adsorption by Grant and King [18]. They 
observed a significant increase in reversible phenol uptake as the pH was reduced 
from 12.1 to 8.0, and then to 1.8. This was tentatively attributed to changes in phenol 
activity with decreasing pH. A more straightforward explanation (apparently 
discarded by the authors) - which is thought to explain the vast majority of phenol 
adsorption data [21 - is the one based on the work of Miiller et al. [S-71. At the high 
pH of 12.1 (pH>pK,, pH>PZC), the low uptake is due to the electrostatic repulsion 
between the negatively charged carbon surface and phenolate anions. At pH=8.0 

samples used. For both nitrided and oxidized samples no drastic changes in surface 
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(pH<pK,), 99% of the adsorbate exists as phenol molecules, and 1% as phenolate 
anions; at the same time, the degree of dissociation of acidic groups decreases and 
there is a better balance between positively and negatively charged sites on the 
surface. At low pH (e.g., pH<3), most carbons are positively charged, at least in part 
as a consequence of donor/acceptor interactions between the graphene layers and 
the hydronium ions [19]. In agreement with these arguments, for BPL carbon we 
observed similar uptakes of aniliie at pWPZC (pH=6.0-10.8) and a drastic decrease at 
pH=1.5. 

The importance of dispersive interactions is also apparent in Figures 1-6. For 
example, aniline is much more soluble in water than nitrobenzene (35 vs. 2 g/L at 
25 "C); yet its uptake does not reflect this. This is attributed to the beneficial effect of 
the electron-donating NH2 group. Enhanced adsorption of aniline is due to the 
resulting increase in the negative charge density on the graphene layers of the 
adsorbent. Similarly, both oxidation and nitriding of the carbon (which have 
opposite electrostatic effects) reduce the electron density on the graphene layers 
and have a negative effect on the uptake of nitrobenzene, in agreement with our 
results with benzoic acid [14]. Furthermore, neutralization of oxygen functional 
groups produced no significant effect on the uptake of nitrobenzene [lo]. 
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Table 1 
Characteristics of GCW Carbons Used 

'BET surface area; 
'*micropore volume obtained from the Dubinin-Radushkevich equation applied 

to the N2 adsorption isotherm. 
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Figure 1. Aniline adsorption isotherms at pH=2 for different carbons: 
W , as-received(1); 0, as-received(2); A ,  devolatilized; 0 ,  nitrided; A ,  oxidized. 
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Figure 2. Aniline adsorption isotherms at pH=ll for different carbons: 
W , as-received; A , devolatilized; 0 , nitrided; A , oxidized. 
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Figure 3. Aniline adsorption isotherms at pH=PZC for different carbons: 
W as-received; A , devolatilized; 0 , nitrided; A , oxidized. 
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Figure 4. Nitrobenzene adsorption isotherms at pH=2 for different carbons: 
W , as-received; A , devolatilized; 0, nitrided; A , oxidized. 
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Figure 5. Nitrobenzene adsorption isotherms at pH=ll for different carbons: 
m, as-received; A , devolatilized; 0, nitrided; A , oxidized. 
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Figure 6. Nitrobenzene adsorption isotherms at pH=PZC for different carbons: 
m ,  as-received; A, devolati&ed; 0, nitrided; A ,  oxidized. 
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Introduction 

The Clean Water Act governs the discharge of wastewater to all navigable waterways in the 
U.S. It is the explicit purpose ofthis Act to prevent the discharge of "toxic'pollutants in toxic amounts" 
to the nation's surface water supplies. To achieve this goal, the National Pollutant Discharge 
Elimination System (NPDES) was established, whereby a facility wishing to release wastewater to a 
surface water system must obtain a permit to do so. This NPDES permit contains the wastewater 
quality criteria that must be met before the wastewater can be IegaUy discharged. 

Historically, specific chemical limits have been used for establishing the quality of a wastewater 
discharged from a facility. The EPA developed a list of priority pollutants for which maximum 
discharge concentration limits were established. This regulatory approach had the advantage that 
straigbtforward protocols with clearly defined quantification l i t s  were avdable for compliance and 
testing purposes. However, it became increasingly apparent that there were weaknesses with this 
approach when it was used exclusively. Many chemicals not included in the priority pollutant list will 
produce toxic responses from indigenous biota when released to a surface water. Therefore, the EPA 
developed methods for duectly assessing the potential toxicity a discharge may generate in a receiving 
stream. The protocols and techniques for performing toxicity tests have been refined to the point the 
EPA is comfortable including them as another method for regulating the quality of a permitted 
discharge [1,2,3]. 

As a result, there is now increased attention on quantifylng the toxicity, or potential toxicity, 
of wewaters  *om industrial facilities and publicly owned treatment works POTWs). Therefore, N 

these facilities renew their NPDES permits, toxicity testing andor toxicity limits are being increasingly 
introduced. Since biological systems are often more sensitive to pollutants than can usually be 
quantified by conventional analytical methods, dischargers are faced with achieving more stringent 
water quality goals. 

This paper will present several case studies to illustrate how certain facilities have used ganular 
activated carbon (GAC) to achieve compliance with these more stringent regulations. 

What Is Toxicity? 

Toxicity is operationally defined as any adverse biological effect [4]. It is classified as either 
acute or chronic in nature. The adverse effect monitored for acute toxicity is organism death, while 
chronic toxicity can be any deviation from normal gowth or behavior for an organism. Toxicity may 
be reported as a concentration (or the percent solution of wastewater mixed with a control water), as 
Toxicity Units, or as "% Survival." Tests for determining acute toxicity are usually shorter in duration 
than those for chronic toxicity. Acute tests are typically completed within 48 hrs, while chronic tests 
may last much longer (fi l l  chronic tests could last a year or more). Table 1 presents a comparison of 
acute and chronic testing. Dischargers that have acute tests in their current permits may have more 
sensitive species or chronic tests included when their permits are renewed. Chronic criteria are often 
more difficult to satisfy than acute criteria. Thus, the inclusion of a more sensitive specie or a chronic 
test means the discharger is again faced with a more stringent effluent quality requirement. 

Resolving Toxicity Problems 

A facility that expects to receive toxicity limits or toxicity test requirements may do preliminary 
testing to determine whether they will have a compliance problem. If the results indicate the presence 
of unacceptable levels of toxicity, a "Toxicity Reduction Evaluation" (TRE) must be completed to 
determine how to eliminate or reduce the toxicity to acceptable levels. A TRE can be very time 
consuming and costly, particularly if a complex wastewater is involved. Figure 1 presents a schematic 
of the steps involved in a TRE. 

Included in the TRE is a systematic attempt to identify the chemical(s) causing the toxicity. 
This so-called "Toxicity Identification Evaluation" (TIE) can have one of three outcomes [5];  I.) a 
specific chemical is identified, 2.) a particular wastewater fraction is consistently identified as toxic, or 
3.) no specific chemical or fraction is consistently identified as causing the toxicity. 

If (1) is the outcome, it is a straightforward matter to design treatment systems to remove 
specific contaminants. If (2) or (3) is the outcome, it becomes more difficult to choose an appropriate 
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treatment technique and considerable effort will be required to prove the best altemative(s). However, 
if organics are implicated as a source of toxicity, activated carbon should be considered as a toxicity 
reduction technology. 

To illusaate this point, several case studies will be reviewed below. These studies include three 
oil refineries and a chemical manufamukg facility. In some cases. studies were not optimally designed, 
while others were. Also, one of the examples is of a successfid program that subsequently required 
optimization. 

m y  1 -- 
Rehery A treats a sour nude oil. It became apparent that toxicity testing using Daphnia would 

be included when they renewed their NPDES permit. Their treatment system consisted of pH 
adjustment and a equalizatiorhio-treatment pond and would not produce an effluent complying with 
the new permit. A series oftoxicity reduction treatability studies were begun, rather than a systematic 
TRE, to determine what methods might remove the toxicity. The technologies tested as tertiary 
trearments to Aaivated Sludge (AS) processes were CIO, H202, 0,, and GAC. Table 2 presents the 
results of the batch tests completed with these technologies. The results indicated that AS and or 
Activated SludgePowdered Activated Carbon (AS-PAC) followed by C10, or H202 actually increased 
their toxicity. However, tertiary treatment with 0, or GAC reduced the efnuent toxicity to satisfactory 
levels. Unfortunately, because a treatability-based toxicity reduction approach was used rather than 
an organized TRE which included a TIE, the presence of NH, excursions in the refinery caused 
inconsistent results in some aspects of the study. Thus, it was decided that an AS system with PAC 
addition could provide d6cient p a f o m c e  during the interim while sources of NH, were traced and 
reduced. The addition of GAC polish would be considered if operational experience showed that it was 
needed to ensure compliance. GAC was chosen over 0, due to its cost efFectiveness. 

Refinery B processes heavy crudes. The wastewater treatment system consisted of API 
separators, DAF units, an aerated bio-pond and clarification pond. This refinery was informed that a 
sensitive toxicity test (a 96 hr flow through trout test) was going into their renewed permit. Due to the 
timing of the permit renewal, the refinery did not attempt to evaluate any toxicity reduction 
technologies. Instead. a survey of similar facilities with similar permits was made and GAC was found 
to be the preferred technology. Thus, while installation of a full scale GAC system proceeded, a pilot 
study was conducted to prove GAC worked and to determine the GAC use rate. Table 3 provides a 
description of the pilot system and Figure 2 presents the study results. A GAC use rate of 0.4 lb/lOOO 
gal was determined in the pilot study for this refinery. Due to improved performance from their bio- 
treatment system over time, the full scale system has operated at an even lower use rate. 

The refinery did not stop at this point. In anticipation of stricter Limits in the future, a TIE is 
undenvay at the refinery to determine what the toxicants are and where they are generated. The plan 
now is to reduce the toxicity at the source an improve the GAC use rate linther. An optimization of 
the GAC system may occur in the future, as a result. 

Refinery C treats heavy crudes. The wastewater system included API separators, DAF units, 
coagulation and biological treatment. However, a polish operation was needed to achieve compliance 
with the refinery's acute toxicity limits for 3-spined stickleback. After some preliminary screening 
studies, GAC was chosen as the technology for achieving compliance and a custom system was 
successfully installed and operated for the life of the permit. 

When the refinery renewed its permit, after five years of compliance, a more sensitive specie 
(trout) was required for toxicity testing. As a result, the refinery had to re-evaluate the current system 
for comptiance with new criterium, 3 5 %  survival for a 96 hr flow through trout test. An optimization 
study was initiated to determine whether the system could be operated more economically while still 
satisfying the new permit. Table 4 provides the operating conditions for the tests and Figure 3 
illustrates the results of this optimization study. Result for the full-scale system under normal operation 
are included in Figure 3. A change in the operation of the tidl scale system was recommended to satisfy 
the new permit and provide a more cost effective use rate. The carbon use rate could be reduced from 
>2.5Ib/IOOOgal to 1.7lbdIOOOgal. 

-STUDY 4 - S P W T Y  
A chemical plant had to meet toxicity limits for two species, Daphnia and fathead minnows. 

Its wastewater treatment system consisted of pH adhstment, activated sludge, and clarification. The 
expected toxicity limits were exceeded for both species. A thorough TRE was completed and several 
treatment technologies were evaluated for toxicity reduction, as a result. However, only GAC 
consistently reduced the toxicity to acceptable levels. An extensive pilot study was completed to 
determine optimal operating conditions and other de& information for a GAC system. Table 5 
presents a summary of the pilot test conditions that evaluated performance at 30 and 40 gpm. Figures 
4 and 5 present results for tesfs completed at 30 gpm. 
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The use rate for the 30 gpm test averaged 3.02 Ib/1000 gal and the use rate for the 40 gpm 
averaged 1.62 lb/lOOO gal. The apparent discrepancy between these two use rates is reflected by two 
differences between the tests. Fim. the activated sludge plant did a much better job removing toxicants 
during the 40 gpm tests, Second, a sand filter for solids removal was included in the 40 gpm study, 
which reduced backwash ftequency and removed some toxicity which was attributable to the solids in 
the wastewater. 

It was of interest to note in these case studies that toxicity breakthrough could not be 
unequivocally correlated to any of the routine monitoring parameters used at the facilities. Also, 
toxicity breakthrough did not correlate with specific chemical breakthrough. Thus, one of the 
challenges in operating a GAC system for toxicity reduction is deciding upon a monitoring method to 
determine change out. W& flow through toxicity tests, monitoring between GAC vessels in series can 
be done and change outs based on a certain percentage of toxicity breakthrough in a lead bed. In other 
cases, a global parameter such as TOC or COD may consistently achieve lOOO? breakthrough before 
toxicity breakthrough. In these cases, the global parameters may be useful monitoring tools. Some 
facilities have successfully based change outs strictly on a timed schedule. 

estimate ofthe cost for treating the specific wastes. Owrall, these results were such that they provided 
attractive economics, compared to other technologies, for the facilities that have installed or will install 
GAC for toxicity reduction. 

Table 6 summarizes the use rate information for the studies reported here by providing 

Summary 

The case studies presented have senred to illwate that GAC provides an effective, yet flexible 
means for reducing the toxicity of wastewater where organics are a source for at least some of the 
toxicity. Compared to alternate technologies, GAC has been shown to be cost effective in achieving 
compliance goals. It also offers the opportunity for h t h e r  optimization should GAC be installed to 
achieve one toxicity goal and another more stringent goal is introduced at a later date. 
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Comparison of Act 

Acute Toxicity 

Effect observed is organism death. 
Usually is a short term test (<96 hr). 

fktuaus 
Standardized protocols 
Relatively rapid and less expensive 
Endpoint easy to identify 

J2isdvantapes 
Indicates only fatal concentrations 
Assumes fast acting toxicants 
May not reflect real world exposure 

TABLE 1 
hronic Toxicity Tests 

Chronic Toxicity 

Effect observed can be growth inhibition, 
reduced reproduction, behavioral changes, 
or other l ie  cycle chanses. 

Full chronic tests may last 30 days - 1 yr. 
EPA subchronic tests usually last 4-8 days. 

AdmltaW 
More sensitive than acute tests 
Assess parameters other than death 

More costly and time intensive than acute 
End points more difficult to recognize 
More difficult protocols 
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TABLE 2 

Results of Teniary Treatment Technologies After AS for Refinery A 

Average % Efect on Toxicity 
I r a m a t -  cIlunic ' AEUE 

0, 5.8 decreased decreased 
H202 -13.1 increased increased 
CIO, n/a increased increased 
GAC 80.3 decreased decreased 

TABLE 3 
Pilot Test Unit Description and Testing Conditions for Refinery B 

Flow Velocity (gpde 4.2 
Adsorber Diameter (A) 4.0 
Weight GAC/vessel (Ibs) 2000 

Average TOC ( m g )  
Average COD ( m g )  63 
Average TSS (mg/l) 6 (range2-45) 

'- (range 13-105) 

TABLE 4 
Pilot Test Unit Description and Testing Conditions for Refinery C 

Flow Velocity (gpdft') 5.4 

Average TOC ( m g )  53 

Adsorber Diameter (ft) 0.125 
Weight GAC/vessel (Ibs) 0.45 (6 columns in series) 

Average COD ( m g )  162 

TABLE 5 
Pilot Test Unit Description and Testing Conditions for Chemical Plant A 

Flow Velocity (gpdft') 2.3913.18 
Adsorber Diameter (e) 4.0 

Weight GAC/vessel (Ibs) 2000 
Average TC ( m g )  95 

Average TOC (mgA) 48 
Average TSS ( m g )  25 

I 

TABLE 6 
Treatment Costs for Toxicity Reduction Using GAC 

sits suQQQd 

Refinery A 
Refinery B 
Refinery C 
Chemical Plant A 

da 
0.5 
1.4 
1.4 

469 



Figure I: Scliriiiatic ofa systematic 1'1(E 
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Figure 2: Toxicity data from the pilot study for Refinery B 
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Figitre 3: TOC breakthroiigh data with toxicicy ditta rul~ciiiii~~osed for the I<etiilery C optiiiiization 
sludy. Data for toxicity breakthrough lrom h e  commercial syslem is also included. 
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Figure 4: Daphnia toxicity data From the Chemical Plant A pilot study. 
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Figure 5: Fathead minnow toxicity data from the Chemical Plant A pilot study. 
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ADSORPTION OF HERBICIDES USING ACTIVATED CARBONS 

E Derbyshire, M. Jagtoyen, C. Laffcrty. and G. Kimber 
Center for Applied Energy Research, University of Kentucky, 

3572 Iron Works Pike, LXiDgton, KY 405114433. USA. 

Keywords:activatedcarbon,watcrpollutant&hcrbicides 

INTRODUCTION 

This papa desaibcs the results of research in which novel activated carbons have been examined 
fortheircfficscy in watatnarmcnt and, qccifhUy, forthe adsorptionof a- herbicide and 
wood presavativc. sodium pentachlomphenolate. To place this work in context, the inhuduction 
will discuss first some of the considerations of using activated carbons for water treatment, and 
then certain aspects of Ihc authors' resear& that has led to thisptidiutopic. 

Activated Carbons for Wafer TpcOanenl 
One of the largest uses of activated carbons lies in the treatment of domestic and indusnial water 
supplies. Activated carbons in various physical forms, have been used for more than 50 years to 
ueat public water supplies for the mnoval of organic compounds that adversely affect taste, odor, 
and toxicity. P o w d e d  activated carbons are used on a once-through basis, while granular 
activated carbons (GAC) possessing high surface anas, coupled with high anrition resistance, are 
used in packed bed applications. 

Rising concun about the quality of drinking water supplies as well as the increased awareness of 
pollution from industrial waste waters have led to a significant growth in the activated carbon 
market. Demand for ion exchange resins and activated carbons for water treatment reached 200 
million Ib in 1992 and is expected to grow 4.6% per year to 251 million lb by 1997, mainly due to 
increased demand for activated carbons. The corresponding market value for these materials 
nached $271 million in 1992 and it is expected to rise to $376 million by 19971. A small but ever- 
increasing market for activated carbons is also developing in the area of household water filtration 
systems for improving the quality of drinking water. 

The surfaces of most commercial activated carbons are hydrophobic, which means that they are 
very effective for the ads0 tion of non-polar organic molecules. Activated carbons are less 
effective for the removal ofppolar  compound^. and sti l l  less useful for the adsorption of ionic 
species (e.g. metals). For this reason, household ueatment systems u s  activated carbon in multi- 
component films that may also include materials such as ion-exchange resins. The high cost of 
ion-exchange media excludes their use. in large-scale water treatment pmcesses, where activated 
carbon is the prefemd choice. However, them is a need to develop activated carbons that can be 
camparably effective for the adsorption of a wide m g e  of pollutants. 

Granular activated carbons have gradually replaced powdered activated carbons in water ireatment 
and are now used on a much larger scale than ever before. In 1986 the Amendments to the Safe 
Drinking Water Act specified adsorption with GAC as the benchmark technology for organic 
chemical remal2 .  Alternative tcchnologies must be at least as effective in controlling synthetic 
organic chemicals. Municipal water plants uaditionally incorporate fucd beds of GAC as part of 
the filtration system, the carbon bed acting as a physical filter, as well as an adsorbent The high 
attrition resistance of GAC is important to water treatment applications in that it allows for the 
carbons to be backwashed, pumped, excavated and recycled through regeneration units without 
suffering excessive material loss due to mechanical abrasiod. Although granular carbons arc 
generally more expensive than powdered carbons, they have been found to be more costeffective 
when their overall usage rate is high. Pressure drop. containment, and other considerations make 
powdered carbons i q m c t i d  for use in adsorber beds. 

Activated carbon fibers have recently staned to attract interest as adsorbents for a number of 
applications, including water treatment4. Among other factors, the narrow fiber diameters 
(typically 10 to 30 microns) allow rapid rates of adsorption and desorption - a characteristic that 
also applies to fine particle powdered carbons. However, cost has so far presented one of the 
major obstacles to wide-scale development (over $2O/Kg for carbonized fibers, i.e. before 
activation). In addition, to surmount problems in handling and utilization, it will be necessary to 
incorporate the fibers into somt type of structm. 

Current Research 
Over the past few years, research at this Center has been involved with investigations of the 
synthesis of activated carbons by diffcrent methods and from a range of pncursor materials5-IO. 
The general objectives are to develop a basic understanding of the mechanisms leading to the 
formation of an extensive pore structure, and ultimately to be able to produce activated carbons 
with controlled porosity and surface chemisuy. as well as other Properties. These investigations 
have included: the formation of activated carbon particles and extrudates by the phosphoric acid 
activation of hardwoods and blends of hardwood with other matQials 5.6; activated carbon particles 
by the KOH activation of bituminous coals 7; activated carbon ex- by the KOH activation of 
lifite and OxidkI  bituminous coal 8; activated carbon fibers hxn isonopic pitch precursors 9; 

, 

, 
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and the development of rigid, mndithic activated carbon composites 10. 

The present work is related primarily to activated carbon composites. These are strong, highly 
permeable matesials that can be produced in aknost any size or shape, and are p u ? i ? h l Y  suitable 
for applications where it is de+able F. achieve high of throughput with numnum prcSSUre 
drop. M m v e r ,  the use of an ~ c a n  eluninate the atmition that would OCCUT with a 
granular bed. Emanating from this work. we have found that it i s  possible to alter the pore 
s f l l c h n t  ofthe activatedcarbon, and toinuduce heteroatoms, such as nitrogen, into the structm 
by a l h g  the method of synthesis These amibutes axe gumane to water trearment applidons in 
two respects. First, the effectiveness of dvated carbons in any particular a@cdm.h dependept 
upon the pore size distribution: generally, for water tFcarment, a -0" of w&r pons 1s 
desirable, both to facilitate dif€usion of the adsorbate through~tk muid p+. 9 to be able to 
accommodate large adsorbate molecules, such as color bodm and h w c  d s .  Second, as 
already noted, activated carbons are typically hydrophobic. A number of studies has shown that the 
deliberate innoduction of surface species. such as oxygen-containing groups, can enhance the 
ability to m e  contaminants such as polar compounds and maalsll-13. However, the necessary 
treatments can be expensive, and it is diffic.uk to control the type and distribution of the surface 
groups. By the introduction of heteroatoms directly during the synthesis process, it should be 
possible to provide specific surface functionalities rhat are uniformly distributed over the adsorbent 
surface, and that may enhance the adsorptive capacitia for non-polar species. In the research 
described here, we have conducted preliminary experbents to assess the potential of different 
formulations of activated carbon composites for the rccmovd of a rcpresentahve polar contaminant 
of groundwaters. 

EXPERIMENTAL 

In their original form, activated carbon composite materials have been prepared in collaboration 
with the Oak Ridge Nation$ Laboratory 10.14. Tbese composites are made from water slurries 
containin chopped diameter x - 0.35 mm length, 
supplied ky A s h l a n d e i b c r s  Division, Ashland Inc.) and a phenolic resin. The slyry is 
vacuum molded into tubular or plate configuration, followed by drying, curing and carbonm tion 
to W C .  The compositeis activatedin steamor COz attemperaturcs from 8009oooc to introduce 
porosity. l b e  method of preparation of the other composites that have been prepared for this work 
is proprietary and will notbedescribcdhere. 

Some properties ofthe activated carbon coxupmites are presented in Table 1, togetha with data for 
a commercial granular activated carbon that was used for comparison. Composite J was prepared 
by the method described above. It can be seen that these sdsorbents possess quite diffesent pore 
structures. The BJ7l' surface arras range 6um 660 to 1940 m2g-1, and have very different pore size 
distributions: some are predominantly micropomus @ores < 2 n q  diameter) and somc have v q  
high mesopore volumes @ores 2 - 50 nm diameter). The co 1 water treatment carbon has a 
BET surface a m  at the low end of this range, but possesses an appreciable mesopore volume. 

To measure the adsorptive capacities of the activated carbon composites for sodium 
pentachlorophenolate (Pa), 1.3 cm diameter plugs were cut from 1.5 cm blocks of 
dvatedmonolith using a hole-saw. Three such plugs were lain end to end to form a column 
oftotal length 4.5 cm and volume 6 cm3. The column was then sealed into a water-tight assembly 
using heat-shrink tubing (Markel Caporation. polyolefin tubing), by heating to approximately 
18OC Using a heat gun. The ends of the column were fitted with plastic barbed connections 
enabling Tygon tubing to be attached. 

Comparable columns of granular activated carbon w m  prepared by scaling 2.0 g samples of 
carbon into polyoletin tubing, using the same technique, to create a column of volume 8 cm3 and 
length 6 cm. Plugs of quartz wool were fitted at the column ends to contain the bal A paistaltic 
p u p ,  Pulsafcuier - Mecomatic VSP-20. located downsheam of the column continuously dnw a 
40 ppm solution of sodium pentnchlorophenolate (NaCsClsO) from a resuvoir and through the 
column. The concentration of PCP in the column etlluent stream was monitored via a UV-Vis 

hotometa (Varian. Series 634) fitted with a 10 mm path length flow-through quam cell, m 
s e n @  of 317.5 nm. Column breakthrough was determined as the point where the ratio of 
effluent to inlet PCP (c/co) was equal to 0.3. 'Ibe flow rate of p8 solution through each of the 
columns WBS held constant at 1 ml.min-1. 

pitch based fibers (- 15 - u) 

RESULTS AND DISCUSSION 

At the *e of writing, ads0 tion data for PCP are available for the composite J and the 
co- carbon. A plot of column volumes of 
PCP solution that have been pnxxssed in Figure 1. The bnakthrwgh time for composite. J was 
found to be almost 1400 column volumes whereas it was closer to 150 column volumes for the 
granular carbon - a factor of about nine. It should also $ noted that both columns continued to 
adsorb Pcp afm tpeakihFough and never reached sammum. 

At fvst si t, the diffmnce in the performance of these carbons is surprising. since they are of 
cmparabf!surfacc area (see Table 1). and theconrmacial pmduct a rmpch patertotalpope 
volume (0.76 vs 0.39 dg) and, t h d o r e ,  expected radscaption capanty. It 18 possble that part of 

is shown as a function of the number 
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the diffaence may beattributable to the way in which the two columns areformd. As the activated 
composite is a monolith. the composition of the column is uniform over its cross section and 

With any granular bed. imfficimcics in packing c ~ l l  lead to channelin& allowing someof the feed 
to experience sholterumtact tims than the average that is calculated overthe whole column: this 

At the samc time. it is intcreaing to find that. at a similar overall space velocity (the volume feed 
rate per weight of carbon is 33.3 h-1 for the composite and 30.0 h-1 for the granular carbon), the 
column of composite is much m effective in adsarbhg PCP. This observation indicates that the 
rate of adsorption is faster over the composite than the granules, which is consistent with other 
observations. The narrow diameter of the fibers (15 - 20 pm) essentially minimizes mass transfa 
limitations, and allows much faster rates of adsorption (and desmption) than is possible ova large 
p u b ,  as illuswted by an -le obtained by aTGA study of the gas phase adsorption of NO, 
F w  2. The rate o f N 0  uptake IS f o u l  to be lughaby as much as thne oders of magnitude for 
an activatedcarbon fibercomposite than for2 mm granules. Only when the granules arertducedto 
a size wmparable to that of the fiber diameter, do the rates cornpond. Thus. powdered carbons 
could be. used with comparable effectiveness if the practical difficulties of containment. and the 
penalty of the pssm drop over a column of fine particles could be. surmounted. 

A second factor is that the composites have a very open architecture (appmxhately 90% is free 
volume), which means that the contacting fluid enjoys free access to the adsorbent surfaces. 
Essentially, the composite can be viewed metaphorically as a situation in which the pnules  have 
been ''peeled open" to allow the adsorbent to readily access all of inner adsorbent surface, which 
can otherwise only be appmached by diffusion h u g h  an extensive pore network. 
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Table 1: Properties of activated carbon adsorbents 

Sample BET surface area Pore volume (cdg) Bulk Density 
(mtlg) micro meso WCC) 
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F 1940 
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J 790 
Granular 660 
carbon+ 

0.42 0.03 
0.43 0.87 
0.76 0.13 
0.61 1.10 
0.38 0.01 0.30 
0.29 0.47 0.25 

commucial water-tnatment carbon, 1-2 mm granules 
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CARBONIZED MATERIAL ADSORBENTS FOR THE REMOVAL OF MERCURY 
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Although wood has essentially been excluded as a starting material 
for the production of granular activated carbon because of the poor 
strength and friability of the products '1, powdered wood based activated 
carbons are still being used in water treatment and other liquid phase 
applications. However, the capability of powdered wood-based charcoal 
which in itself porous has not been fully known. Few studies have been 
conducted in harnessing its potential for adsorption purposes especially in 
water treatment. 

This study was conducted to investigate the possibility of using 
wood based carbonized materials from Sugi (Crvutorneria iaponica D. Don) 
as adsorption materials in aqueous solutions of heavy metals like 
mercury, zinc, lead, cadmium and arsenic. However, of all the heavy 
metals investigated, mercury is considered to be the most toxic so this 
paper describes only the adsorption ability of the carbonized materials in 
adsorbing this metal from aqueous solutions of different concentrations. 

Materials and Methods 

A. Materials 

from coconut shell and Mercuric chloride (HgC12) as heavy metal. 
B. Methods 
1. Preuaration of Materials: Small diameter logs of Sugi were cut into 
flakes and made into powder. Wood powder was passed through a 20- 
mesh size sieve. The wood powder was ovendried at 105+ 2 "C prior to 
carbonization. 
2. Carbonization Process: Wood powder was carbonized in a furnace with 
the desired temperatures of 200, 400, 600, and 1000 "C. Nitrogen (N2) gas 
of 1500 ml/min. was flowed in a heating rate of 4 "C/min. After getting 
the desired temperature, it was kept for one hour and then turned it off. 
The charcoal was cooled naturally before it was taken out of the furnace. 
3. Adsorution Exueriment: Aqueous solutions of 5, 50 & 100 ppm HgCl2 
were prepared. Each of the carbonized materials with a weight of 0.5 g 
was mixed with 50-ml HgClz solution and continuously stirred in a hotting 
bath at  30rt 2 "C for 1, 4, 8 and 24 hours of soaking time. The mixtures 
were filtered with ADVANTEC Toyo glass fiber filter paper. The '  
concentration of the filtered solution was determined using an 
Inductively Coupled Plasma machine. 
4. Determination of Aciditv and Dissolved Oxvpen of the Solute: The 
acidity of the solution was measured using a pH meter while that of the 

The raw materials used in this study were Sugi , activated carbon 

Keywords: adsorption, carbonized materials, mercuric chloride 

Introduct ion 
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Figures 1-3 show the relationship between total soaking time anc 
adsorption of carbonized materials. Based from Fig. 1, similar adsorptior 
behavior was observed in all the carbonized materials. The adsorptior 
was highest in 1000 "C in all the total soaking times, and then followed b) 
600 "C and 200 "C. It can be observed that the adsorption in activatec 
carbon is not comparable with the high temperature carbonized materials 
Further, adsorption in 1000 "C was almost the same in all the total 
soaking times. 

In Fig.2, adsorption was still highest in 1000 O C  in all the soaking 
times and then followed by 600 "C and activated carbon. However, it can 
be observed that 105 "C and 200 "C had a remarkable adsorption 
compared when soaked at 5 ppm solution .and even comparable with the 
high carbonized materials (8 & 24 hours). 

Different results were observed in 100 ppm solution (Fig.3). 
Although the adsorption trend of all the carbonized materials in all the 
total soaking hours was the same with that of 5 and 50 ppm, it can be 
observed that at higher concentrations of HgC12 solution, higher adsorption 
is observed not only at 1000 OC but also in activated carbon. Moreover, i i  
can be noticed that activated carbon adsorbed almost the same as the 
high carbonized materials unlike in the low concentrations. 

Generally, the extent of adsorption depends mainly on the surface 
area and the chemical nature of the adsorbents.2) Based from the 
preliminary measurement of the specific surface area of the adsorbents, 
high carbonized materials have higher specific surface areas. However, in 
this study, it is clear that surface area was independent of the adsorption. 
The higher temperature carbonized materials with a high specific surface 
area performed almost the same with the low temperature materials. The 
chemical properties which can be a source of explanation on certain 
extent seem not to have any effect especially on lower concentrations of 
HgC12 solutions. The elemental analysis results of the carbonized materials 
3 )  revealed that the carbon contents increases with the increase of 
temperatures. Consequently, carbonized materials with high carbon 
content adsorbs more than those with low carbon content materials. 
However, in higher concentrations of HgC12, higher carbonized materials 
adsorbs more than those of low carbonized materials. 

According to Lee, et al.4), in general, adsorption capacity can be 
influenced both by the microspore structure and also by the surface 
:hemistry interactions. Carbon surfaces are covered with chemisorbed 
sxygen species which have a profound influence on surface properties.5) 
[n a study conducted on the removal of chromium (metal) from aqueous 
solutions by activated carbon adsorbents, it has been observed that not 
only the microporous structures and the surface area but the chemical 
structure of the carbon surface plays an important role in the adsorption. 
In particular, the nature of the surface-oxygen chemical structure present 
in the carbon surface, not the total amount of oxygen determines the 
adsorption of chromium. 6 )  The addition of oxygen-containing functional 
groups to the carbon surface caused by the exposure in the atmospheric 
thus altering its adsorptive properties 7) is a probable source of change in 
the surface oxygen chemical structure which in turn affects its adsorption 
:apability. 

In another study conducted on the lightest metal, Lithium(Li), 
Jiffusion is the main parameter in controlling the adsorption of this metal. 
!nteraction of Li with surface groups may also play an important role in 
.he adsorption process. 8) 

l .  Water purification ability of carbonized materials 
In connection with the pollution of water, the content of dissolved 

x y g e n  in water is of prime concern. The overuse of water systems for 
lisposal purposes in many instances had almost fully depleted the 
lissolved oxygen available for life support. 

with soaking time. 
rable 1 shows the decrease in the amount of COD of the HgClz solution 

In this study, the amount of COD was monitored 
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after 24 hours of soaking the carbonized materials. Rate of decrease is 
somewhat higher for the  high carbonized materials and activated carbon. 
The decrease in the COD values through time can be observed through a 
sample graph as shown in Fig.7. 

The pH values after treating the carbonized materials in 24 hours is 
shown in Table 2. The original HgC12 solutions which was acidic was made 
close to neutral or neutral for 600 OC and 1000 "C, and activated carbon 
after it was treated with carbonized materials. However, at 105 OC and 
200 OC, the pH values also increased but at low concentrations only. Fig. 9 
shows the behavior of pH value with total soaking time. 

Conclusion 

Wood based carbonized materials can be used as adsorption 
materials in treating aqueous solutions of heavy metals like mercury. 
However, the behaviour of the adsorption of carbonized materials in HgClz 
solutions cannot still fully explained because of lack of basic information 
on the nature of the adsorbent materials. Microporous structure and 
surface-oxygen chemical structure present i n  the carbon surface will be 
investigated in future studies to further explain the adsorption ability of 
this heavy metal. 
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Fig. 1. Relationship between total soaking time and adsorbed amount 
of HgCl in 5 ppm aqueous solution. 
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Fig. 2. Relationship between total soaking time and adsorbed amount 
of HgCl in 50 ppm aqueous solution. 
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Fig. 3. Relationship between total soaking time and adsorbed amount 
of HgCl in 100 ppm aqueous solution. 
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aqueous solution. 
Table 1. Effects of carbonizcd materials on the COD of HGCl2 

aqueous solutions afrcr 24 hours. 

I I COD Rate of 
decrease 

(%I 

Carbonized materials 
Control 3.570 3.650 3.790 36 28 24 
200 OC 3.520 3.620 3.750 38 28 25 
600 OC 3.460 3.600 3.100 38 29 

1000 "C 3.460 3.500 3.070 31 39 
Activated charcoal 3.390 3.450 3.000 39 32 40 

Legend: 
Table 2. pH values of HgC12 aqueous solutions 

1 - 5 ppm; 2 - 50 ppm; 3 - 100 ppm 

treated with carbonized materials 
after 24 hours. 

I I P H  
I 1  2 3 

Original HgClz solution I 5.21 4.92 5.23 
Carbonized materials I 

Control 
200 OC 
600 OC 

1000 4c 7.96 

Legend: same as in Table 1 
L 
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ABSTRACT 

The removal of heavy metal and low-level radioactive wastes from the environment and 
their subsequent immobilization in an appropriate repository is one of the major environmental 
challenges facing our nation. The scope and magnitude of the contamination at many DOE and 
Superfund sites are such that successful remediation will require the development of new, 
inexpensive technologies which remove, in an environmentally acceptable manner, the heavy 
metal and radioactive wastes from contaminated soil and water. In this paper, we will present the 
preliminary data on the viability of using kmxmLw& or ligniks as a d, 
e to remove actinides and other metals from the aqueous system, and the effects of hgh 
radiation on ion-exchange properties of lignites. 

INTRODUCTION 

After more than a half a century of nuclear processing activities by DOE and its 
predecessors, a wide range of wastes and envifonmental problems exists at more than 100 
contaminated installations in 36 states and territories!') Uncontained hazardous and radioactive 
contaminations in soil and ground water exist throughout the DOE complex. The calls for 
developing cost-effective technologies to remove radioactive and toxic metal contaminants from 
the waste processing streams and ground water, and to reduce secondary waste volumes are the 
top priority for environmental restoration at the DOE sites. 

In groundwater, the most common binary contaminant found in the DOE sites is a 
mixture of radionuclides, metals, and chlorinated hydrocarbons. The most important metal 
contaminants identified are lead, chromium, arsenic and zinc; radionuclide contaminants are 
tritium, uranium, strontium, plutonium, cesium, cobalt, technetium, and iodine.') At the Waste 
Treatment Facility at Los Alamos National Laboratory (LAIC) and Rocky Flat Plant (RFP), the 
principle metal contaminants found in these processing streams are plutonium (Pu) and 
americium (Am). Waste water streams generated from the research operations, reactors, and 
radiochemical production facilities such as Savannah River Site, Oak Ridge Y-12 Plant, Fernald 
Plants, and Hanford Site contain a wide spectrum of radionuclides (e.g., strontium, cesium, 
technetium, nickel, uranium, thorium, and radium), heavy metals, reactive chemicals, and 
organic solvents!') 

Clearly the scope and magnitude of the contaminations at various DOE sites require the 
development of new, inexpensive technologies which would remove, in an environmentally 
acceptable manner, the heavy metal and radioactive wastes from contaminated soil and water. 
Conventional treatments of radioactive waste water at the DOE sites are the precipitation 
methods, which generate large volumes of secondary radioactive sludge waste. The other 
common technologies for removal of heavy metals from ground water and waste water are ion 
exchange resin based processes; however, these commercial resins are usually very costly (> 
$lofib) and generate secondary acid waste from the regeneration process. 

In the past few years, the University of Kentucb Center for Applied Energy Research 
(CAER) and Department of Chemistry have developed a system based on the unique ion 
exchange properties of low rank coals for the treatment of large volumes of water containing low 
to moderate levels of metal conta~ninations."~~~~~~(~) Because of the cationic selectivity of lignites 
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on a high charge density metal, a collaborative effort between the University of Kentucky and 
Inorganic Elemental Analysis group (CST-8) at LANL will attempt to address the needs of DOE 
environmental cleanup of actinides and other heavy metals from the aqueous system, and reduce 
the generation of secondary sludge waste from the waste water treatment process. Our goals a n  (1) 
to develop a novel, inexpensive material to remove actinides (Pu, Np, Am, and v) and heavy 
metals from the waste water streams and ground waters, (2) to understand the ion exchange 
mechanism of actinides with low rank coals, and (3) to study the effect of radiation on ion exchange 
properties of lignites. 

ION-EXCHANGE PROPERTIES OF LIGNITES 

Metal 

Low rank coals, brown coals or lignites are charactexized by low specific energy, high 
oxygen and moisture contents and poor internal strength (the latter excludes underground winning 
of low rank coals). The high moisture content of the coal retards efficient combustion and must be 
removed by energy consuming processes prior to combustion. An economical use of brown coal for 
power generation is feasible only when the combustion process is located close to the coal supply, 
minimizing the amount of transport required between coal source and power station. The high 
oxygen contents of low rank coal does however impart one unique property to these coals, that of 
the ability to remove cations from solution via ion exchange with carboxylic acid and phenolic 
hydroxyl functional groups on the coal surface. These functional groups undergo dissociation in 
solution to form a negatively charged site upon the coal surface which is subsequently capable of 
complexing cationic species from solution to form a stabilized coal-metal structure. The dominant 
functional group responsible for the ion exchange process has been shown to be the carboxylic acid 
group. These weak acid sites are virtually completely dissociated at solution pWs greater than 4, 
and would therefore be ideal for the treatment of most natural water samples which routinely 
display pH values between 4 and 9. Thc coal however, would not be suitable for treating many 
industrial waste streams which have pH values often less than 1. Slight adjustment of pH to the 
waste streamsmay b e q u i d .  

Table I gives the typical cation exchange capacities of various North American lignites. 
The cation exchange capacities of these coals are considerable lower than those measured for 
commercially available synthetic ion exchange resins (- 0.4-1.0 meq/g c.f. 7-10 mq/g  for 
commercial resins) however the lower cost of the coal (- $lO/ton) compared to the commercial 
resins (-$lO/lb) makes the cost per unit volume of solution treated signi6cantly lower for the coal 
based process. Table I1 shows the calculated cost per liter for both a brown coal and synthetic resin 
based process treating several different 100 ppm solutions. The processing costs listed in Table I1 
show that the lignite based p m s  is cheaper than a resin based system by a factor of 170, although 
the total mass of adsorbent used in the coal based process is 18 times that of the resin. However, 
for the proposed solutions to be treated, e.g. groundwater containing low to moderate levels of 
contamination, processing costs are envisaged to be the main criteria in determining which process 
would be used, and would therefore favor the implementation of a coal based system. 

TABLE 1. Cation Exchange Capacities ( m u g )  measured for North American Lignites 
(1000 ppm solution, 5 g coaVlOO mL solution) 

West Kentucky North Dakota East Texas 

.I6 .17 .I7 
.22 

TABLE 11. Cost per Liter (cents) to @eat 100 ppm Solution of Divalent Metal. 
Using Brown Coal and Resin Based Systems 

Brown Coal @ $lO/ton lon Exchange Resin @ S301kg 
0.4 meq.g". 7.0 meq.g". 

7 . ~ 8 ~  103 1.351 

4.44 103 0.763 

2.49 103 0.427 

, 2 . 1 0 ~  103 0.360 



I 

APPROACH 

A series of standard adsorption experiments, principally in batch mode, will be conducted 
on the Westem Kentucky lignites with solutions containing actinides (e&, 239Pu, 24’Am, 237Np, 
and 234U). Some of the key variables that are known to effect lignite exchange capacity, which 
will be investigated as initial part of the study include: 

Cation competition effects. 
Cation exchange capacity as a function of solution pH. 

Effect of multiple low loading contacts compared to single high loading contacts. 
Quantitation of radionuclide adsorption will be performed using a combination of liquid 
scintillation and alpha spectroscopy. The experiment will be conducted in a wide range of 
radioactivity (from several hundred pCfi to mWL level) in order to simulate the radioactive 
contaminants present in the ground water to the waste processing streams. 

In addition to adsorption study, a sample of Western Kentucky lignites is currently 
exposed to a - 2.5 rem per hour gamma-radiation source (radiation dose = -2.5 rads per hour). 
We plan to expose this sample to the radiation source with several thousand rads ( > 2 months) 
and examine the structure of functional groups in the lignites after irradiation. This will give us 
some opportunities to compare the ion exchange capacities of lignites before and after exposing 
to relatively high radiation field. 

EXF’ECTEDRESULTS 

The analytical results from the pro osed experiment are not availablc at the time of 
publication. From the previous ~ork,”)~‘~’*(’ a single 5% loading wlv (2.5 grams of coal dry 
weight per 50 mL of solution) of Western Kentucky and East Texas lignite removed greater than 
99% of the uranium from a 1000 ppm uranium (uranyl nitrate) solution. We anticipate that the 
other highly charged actinide species (Pu, Am, Np) will interact with lignites similar to uranium 
in the aqueous system. 

CONCLUSION 

The success of developing a system, which utilizes low-rank coals as an ion-exchange 
media for removals of radionuclides and heavy metals in environmental cleanup and waste water 
treatment, would dramatically reduce the cost of expensive environmental remediation and 
industrial waste stream treatments. 
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INTRODUCTION 
An electrochemical cell with a stack of carbon aerogel electrodes has been used to remove a 
variety of contaminants from aqueous waste streams and natural waters. In the case of non- 
reducible and non-oxidizable salt solutions, the cell is operated in a capacitive mode [I-71. 
Electrolytic or electrophoretic deposition is used for the removal of heavy metals. The removal of 
NaN03 from water with subsequent concentration is an example of capacitive operation. 
Electrodialysis with bipolar membranes can be used to separate neutral salt solutions into their 
acid and base components so that recycle is possible, thereby lowering risk to the environment 
[8]. However, the electrodialysis process is not 100% efficient and generates a dilute waste 
stream of NaN03 in addition to the HNO3 and NaOH product streams. Carbon aerogel 
electrodes can be used to remove NaNQ from the effluent, concentrating it for recycle to the 
electrodialysis cell. Solutions are passed through a stack of carbon aerogel electrodes, each 
having a very high specific surface area (400 to 1100 mz g-') and very low electrical resistivity 
(less than 40 &-cm). M e r  polarization, Na+ cations and NO; anions are removed from the 
electrolyte by the imposed electric field and held in electric double layers formed at the surfaces of 
electrodes. Two streams are produced, pure water and N a 0 3  concentrate. This process is also 
capable of removing other impurities such as dissolved heavy metals and suspended colloids. In 
these cases, contaminants are removed by electrodeposition and electrophoresis, respectively. 
The carbon aeorgel cell has been used for the separation of copper, zinc, cadmium, and lead from 
0.1 M KN03 solutions, as well as for the separation of cobalt, chromium, manganese, lead, and 
uranium from sea water. Treatability tests on ground water at LLNL have shown that chromium 
contamination can be reduced from 32 to 2 ppb, well below the acceptable level of 11 ppb. 
Previously, other types of porous carbon electrodes have been used for the removal of heavy 
metals from water. These electrolytic separation processes have several potential advantages over 
other more conventional technologies. Unlike ion exchange, no acids, bases, or salt solutions are 
required for regeneration of the system. Regeneration is accomplished by either electrical 
discharge or reverse polarization. Therefore, no secondary waste is generated. In contrast to 
thermal processes such as evaporation, such processes are more energy efficient. Since no high 
pressure pumps are required, these electrolytic separation processes offer operational advantages 
over reverse osmosis (RO). 

ELECTROCHEMICAL CELL WITH CARBON AEROGEL ELECTRODES 
A typical double-sided electrode is made by gluing two sheets of a carbon aerogel composite 
(CAC) to both sides of a titanium plate that serves as both a current collector and a structural 
support for the CAC. Conductive silver epoxy is used for gluing. Carbon aerogels were 
developed at Lawrence Livermore National Laboratory and are synthesized by the 
polycondensation of resorcinol and formaldehyde in a slightly basic medium, followed by 
supercritical drying and pyrolysis in an inert atmosphere. Sheets of CAC are made by 
impregnating carbon cloth with the resorcinol-formaldehyde solution and then carbonizing, This 
fabrication process results in unique open-cell carbon foams that have high specific surface areas 
(400 to 1100 m2 g-I), optimal pore sizes (-50 nm), and a monolithic structure composed of 
interconnected colloidal-like particles or fibrous chains with characteristic diameters of 10 nm. 
This structure results in exceptionally low electrical resistivity (40 &-an). The porosity and 
surface area of aerogels can be controlled over a broad range, while the pore size and particle size 
can be tailored at the nanometer scale. Each sheet of CAC used in the experiments described here 
is 6.86 cm x 6.86 cm x 0.0125 cm, has a total active surface of approximately 2 . 8 ~ 1 0 ~  cm2, and a 
through resistance of about 10 a. Two orifices are located along one side of the carbon aerogel 
electrode and admit water to the electrode gap. A pattern of holes are located around the 
perimeter of the titanium plate and accommodate 12 threaded rods that hold the cell stack 
together. Even electrodes serve as cathodes while odd electrodes serve as modes. The 
electrodes and headers are aligned by the threaded rods. An electrode separation of 0.05 cm is 
maintained by cylindrical nylon spacers concentric with the threaded rods and a rubber 
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compression seal. Since the orifices in each electrode alternate from one side of the stack to the 
other, the flow path through the stack is serpentine. Flow through the cell is generated by a 
programmable, magnetically-coupled, screw pump with a 304 stainless steel head. The maximum 
flow rate that can be achieved with this pump is 3.5 Umin. The differential pressure across a stack 
Of 48 electrodes is only 5 psi at a flow rate of 1.7 Umin. AU lines are made of Teflon and have a 
nominal diameter of 1/4 inch. The cells are polarized by programmable power supplies that have 
a voltage range of 0 to 12 V or a current range of 0 to 60 A. Sensors are placed on the inlet and 
outlet lines of the cell. Electrical conductivity, pH, individual ion concentrations, and temperature 
are continuously monitored. A computerized data acquisition system logs important operating 
parameters such as voltage, current, conductivity, pH, and temperature. Data acquisition system 
is based on an Intel 486DX-33 microprocessor, a National Instruments 8-channel AID converter, 
and LabTech Notebook data acquisition software for Microsoft Windows. X-ray fluorescence is 
used off line for the quantitative measurement of heavy metals. 

REMOVAL OF NITRATE SALTS 
The removal NaNO, from a fixed 4000 ml volume of water by a stack of 192 carbon aerogel 
electrodes is illustrated by Fig. 1. The circulation rate through the stack was approximately 1000 
ml/min. After application of a voltage between two adjacent electrodes, Na' cations and NOi 
anions are drawn towards the cathode and anode, respectively. These ions are held in the electric 
double layers formed at the extensive surface of the carbon aerogel electrodes until the voltage is 
reduced. Tests demonstrated that CDI with carbon aerogel can effectively remove NaNOs from 
water. Deionization was accomplished during charging, while regeneration was accomplished 
during discharge. The concentration and conductivity was cycled up and down numerous times 
by charging and discharging the stack. The ability of the CAC electrodes to remove ions from 
water, i.e., the electrosorption capacity, had a strong dependence on cell voltage. The best results 
were achieved at 1.2 V, with relatively poor performance below 0.6 V. During experiments 
without recycle, a characteristic breakthrough curve (not shown) was observed. Deionization of 
more concentrated solutions requires more carbon aerogel electrodes. 

REMOVAL OF HEAVY METALS 
Two carbon aerogel electrodes polarized at 1.2 V can remove copper, zinc, cadmium, and lead 
from a fixed, 500 ml volume of a 0.1 M KNO, solution (Fig. 2). The electrolyte was circulated 
through the electrochemical cell at a rate of 50 d m i n .  The concentration of lead dropped from 
an initial level of approximately 1 ppm to less than 0.2 ppm after 4 hours of polarization. The 
concentration of copper dropped from 1 ppm to less than 0.05 ppm. At such low concentrations, 
one would expect rates of removal to be mass transfer controlled, similar in magnitude, and 
independent of the standard electrode potentials of the ions being deposited. However, the rates 
for several of the ions appear to be correlated to some extent with their standard electrode 
potentials, indicating that process efficiency may not be governed by mass transport alone. Forty 
carbon aerogel electrodes polarized at 1.2 V were able to remove trace quantities of cobalt, 
chromium, manganese, lead, and uranium from a fixed, 1000 ml volume of sea water (Fig. 3). 
Here too the electrolyte was circulated through the electrochemical cell at a rate of 50 d m i n .  
The initial concentration of each contaminant was 100 ppb. After 5 hours of polarization, the 
concentrations of cobalt, chromium, manganese, and uranium dropped to levels of about 5 ppb or 
less. The concentration of lead dropped to about 15 ppb. The slow increases in concentration 
observed between 5 and 25 hours are probably due to some combination of redissolution and 
particle entrainment. Such difficulties can be avoided by periodic regeneration of the carbon 
aerogel electrodes. No electrode separator was used in the experiments represented by Figs. 2 
and 3. By incorporating an anion exchange membrane between anodes and cathodes, electrode 
regeneration by stripping is possible. 

SUMMARY 
In summary, it has been shown that capacitive deionization with carbon aerogel electrodes can be 
used to remove salts such as NaNO, from water. It has also been shown that electrolysis with 
carbon aerogel electrodes can be used to effectively remove a variety of heavy metals from 
process streams and natural waters. The exceptionally low electrical resistivity of the monolithic 
carbon aerogel electrodes, due to their unique interconnected nanostructure, has made it possible 
to eliminate metal substrates such as titanium in more recent cell designs. Recent cell designs use 
only carbon aerogel and a plastic such as polycarbonate. Disposable cells made of carbon aerogel 
and plastic are now being made and operated. 
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Introduction 
ty of using carbon devices for 

the electrochemical removal of heavy metal contaminants from aqueous streams. The ability 
of several carbonaceous materials to remove metal ions was evaluated using a porous flow- 
through electrochemical cell. The resulting effluent was monitored downstream using Anodic 
Stripping Voltammetry (ASV) to determine the decrease in analyte concentration and hence 
the electrode efficiency. 

A schematic diagram of the apparatus used to carry out these experiments is shown in 
Figure I. It is a two-cell system. The upstream working cell removes metal ions from the 
flowing stream, and the downstream analytical cell is used to measure the metal ion 
concentration in the resulting effluent. 

The upper cell is used to test the various carbonaceous electrode materials for their 
ability to remove certain heavy metal ions from an aqueous stream. The cylindrical body is 
made of LexanTu. A solution flow channel is drilled through the LexanTU body. The 
carbonaceous working electrode material to be tested is placed in the flow channel. 

The analyte solution is pumped into the upper working cell and through the 
carbonaceous working electrode material. A peristaltic pump is used to control the flow rate 
for all experiments. For the cathodic removal of metal ions, a potential more negative than the 
standard reduction potential of the metal ion of interest is applied to the worliing electrode. 
This applied potential forces the plating of the metals onto the electrode surface thus removing 
the contaminants from solution. Various carbonaceous materials were obtained to assess their 
ability to operate as the cathode material. Reticulated Vitreous Carbon (RVC), a graphite fiber 
mat, a graphite felt and a proprietary carbon material were analyzed. The surface area of 
these materials was increased via a proprietary alteration technique. This increased surface 
area improves the ability of the carbon to remove metal ions from solution. Experimental 
parameters require optimization to maximize the removal of these metals. These parameters 
include. pH, buffer concentration, solution flow rate, applied potential and carbon bed 
thickness. Conversion efficiency, long-term stability and loading capacity require appraisal. 
Finally, the pressure drop through the cell and flow characteristics of the solution flowing 
through the upper cell also need to be evaluated. 

EXPERIMENTAL 
The surface areas of the carbonaceous samples have been determined and the data 

are shown in Table 1. These surface areas were obtained using a Gemini 111 2375 Surface 
Area Analyzer (Micrometrics Instrument Corporation, Nocross, GA). Standard operating 
procedures were followed as outlined in the operator‘s manual. 

The cylindrical body of the upstream metal removal cell was made of LexanTy (5.0 cm 
diameter, 6.0 cm length). The flow channel (1.6 cm i.d.) was drilled through the Lexanm body. 
The Ag/AgCI reference electrode (3M NaCI, Model RE-4, BioAnalytical Systems, Inc. (BAS), 
West Lafayelie, IN) was introduced into the flow channel through a Lexan” sleeve positioned 
90 degrees to the flow channel. Leakage was prevented using an O-ring and compression 
fining. A piece of coiled platinum wire at the outlet of the cell was used as the auxiliary 
electrode. Contact to the working electrode was established via a platinum mesh positioned 
through the cell wall and sealed with an wing. The potential of the flow-through cell was 
controlled using a BAS Model PWR-3 Power Module. 

The downstream, thin-layer flow cell (Model LC-44-01O00, BAS) was used to measure 
the metal ion concentration before and after the solution is passed through the metal removal 
Cell. The working electrode was a glassy carbon disk (0.3 cm diameter) over which the 
solution flowed. Two 50 prn spacers were used to produce the flow channel and direct the 
solution flow across the carbon disk. Prior to use, the glassy carbon disk was polished using 
successive slurries of 1.0, 0.3, and 0.05 ptn alumina until a mirror-like surface was obtained. 
The glassy carbon electrode was then thoroughly washed with ‘deionized water. A thin 
mercury film was plated onto the glassy carbon surface. The metal ions to be analyzed were 
accumulated into the mercury film. Following accumulation, the metal ions were 
eledrochemically stripped from the mercury film and the measured current used to calculate 
the metal ion concentration. All potentials were measured relative to the Ag/AgCI reference 
electrode (BAS). Stripping voltammograms at the thin-layer flow cell were obtained using the 

The purpose of this research was to assess the feaS 
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BAS Model CV-27 Voltammograph in conjunction with a Hewlett Packard Model 70446 x-Y 
recorder. 

Stock solutions of metal ions were prepared using AA standard solutions (Fisher 
Scientific, Fair Lawn, NJ) and deionized water. The deionized water was further purified using 
a NANOpure'" ultrapure water purification system (Bamsteadflhermolyne, Dubuque. IA). 
These solutions were stored in NalgeneTY containers to avoid contamination. The 1X104 M 
Hg(ll) solution for mercury plating was prepared from Hg(N03)~ as needed. The mercury ion 
solution and sample solutions were prepared in 0.1M KNO, supporting electrolyte. The PH 
was adjusted to 3.5 using nitric acid. All chemicals were certified ACS grade purchased from 
Fisher Scientific unless otherwise noted. 

PROCEDURE 
The carbon material to be studied was pretreated to oxidize it and assist in the wetting 

of the carbonaceous surface. This was accomplished by placing the carbon material in a dilute 
solution (10%) of nitric acid over night in a covered beaker. The material was then thoroughly 
washed using deionized water. The carbonaceous material was then positioned into the metal 
removal cell. A threaded plug was used to press the material between a platinum mesh and a 
piece of filter paper. The pressure on the carbonaceous material can be easily adjusted by 
turning the threaded plug. This was important because it established contact between the 
carbon cathode material and the platinum mesh. A 0.1M KN03 electrolyte solution was 
pumped through the cell. In order to remove air bubbles and wet the electrode surface, a mild 
electrochemical pretreatment was used, The cell potential was held at +1.00 V for 10 minutes 
followed by -1.00 V for 10 minutes. The performance of the carbonaceous material under 
study was tested by placing a solution containing a known concentration of metal ion into the 
sample reservoir. The solution was then allowed to pass through the metal removal cell at a 
known flow rate and applied potential, The performance was assessed by measuring the 
metal ion concentration in the effluent and comparing it to the initial ion concentration. The 
percentage efficiency of the cell is equal to the percentage of metal ions removed from the 
solution by the electrolytic cell. 

A pre-plated mercury film was used for downstream anodic stripping voltammetric 
(ASV) detection of the metal ion in the effluent stream. A 1X104 M Hg(ll) solution in 0.1M 
KNO, was purged with nitrogen for 20 minutes to remove any oxygen. The mercury film was 
produced by applying a potential of -1 .OO V at the glassy carbon electrode while passing the 
Hg(ll) solution through the cell at 0.87 mUmin for 5 minutes. After this period, the potential 
was held at +0.05 V for 90 seconds. Following this conditioning, the stopcock was turned to 
stop the flow of mercuric ions and allow the flow of the deaerated sample solution through the 
cell. This flow was continued for 3 minutes to flush any mercuric ions from the system and 
replace all of the solution in the system with the sample to be measured. While the solution 
was flowing at a known flow rate (0.87 mumin), the ASV deposition potential was applied to 
the thin-layer flow cell (usually for 1 minute) and the metal ions accumulated. At this point, the 
solution flow was stopped and after a 30 second equilibrium period, a potential ramp was 
initiated (-1.00 V to +0.20 V) and the stripping voltammogram recorded. The scan was 
terminated at +0.20 V. Solution flow was renewed and the electrode cleaned at +OS0 V for 90 
seconds to prepare the system for the next determination. The mercury film was removed at 
the end of a series of experiments using a moist Kimwipe. The electrode was subsequently 
polished for the next series of studies. 

RESULTS and DISCUSSION 
The effectiveness of commercially available Reticulated Vitreous Carbon (RVC) was 

examined for its performance as the cathode material of the upstream metal removal cell. 
Minimal removal of ions was observed for the RVC via adsorption (no applied potential). Upon 
the application of a potential negative enough to reduce the metal ions, removal efficiencies of 
10.2% and 50.0% were observed for Pb and Cd. respectively. In order to improve these 
efficiencies, several parameters must be addressed. By increasing the ratio of cathode 
surface area to electrolyte solution volume, increasing the time that thetsolution remains in the 
electrode material andlor by optimizing the potential applied to the cell, greater efficiencies can 
be obtained. This work examined the ability to improve removal efficiencies via greatly 
increasing the surface area either by altering the surface of the cathode material or by utilizing 
a proprietary high surface area carbonaceous material, 

Two samples of the proprietary carbon material were received from an independent 
laboratov. Of the two, the more conductive and graphitic sample (Sample A) was used for 
analysis. The surface area of this material was measured to be 115 m2/g. This surface area is 
1000 times greater than that of the RVC. This large surface area should enhance the removal 
efficiencies of the working cell over those seen using planar cathodes or the RVC. The 
material was pretreated as described above. The pretreatment improved the wetting ability of 
the carbon surface and it also increased the measured surface area to 228 m2/g. Good 
electrical contact was easily established between the carbonaceous cathode material and the 
platinum mesh lead. The ability of this material to remove cadmium and lead was addressed. 
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No effect was observed for the removal of the metal ions due to adsorption alone (Le. no  
applied potential). Application of a negative potential greatly improved this material's ability to 
remove the metal ions. Figure 2 shows the effectiveness of this carbon, material to remove 
cadmium and lead. The stripping voltammograms are shown for the metal ion solution (1) prior 
to being passed through the metal removal cell (FEED), (2) after the solution is passed through 
the cell with no applied potential (0.00 V) to assess adsorption and (3) after the solution was 
passed through the cell with an applied potential sufficient to reduce the metal ions at the 
cathode surface (-1.00 V). Minimal removal was observed due to adsorption. Efficiencies Of 

91% for cadmium and 95% for lead were obtained for the reductive removal of the metal ions. 
These large removal efficiencies show great promise for the use of high surface area 
carbonaceous materials for the cathodic removal of metal ions from aqueous streams. 

A graphite fiber mat was assessed for it's ability to remove metal ions. Following the 
employment of the graphite mat to remove metal ions, the mat's surface was altered in a 
proprietary manner to increase the surface area. Prior to altering the surface, the mat had a 
surface area of 0.59 m2/g. The surface area of the graphite fiber mat following alteration Was 
99.9 m2/g. The 
performance of the graphite fiber mats before and after alteration was assessed. The removal 
via adsorption alone resulted in the minimal removal of metal ions from solution. Upon the 
application of a sufficiently negative potential. improved removal was obtained. For the 
unaltered mat. virtually no removal was noted. However, when the altered mat was tested. 
removal efficiencies of 99%. 91% and 88% were accomplished respectively for Cu. Pb and Cd 
using an applied potential of -1.00 V. At a potential of -1.20 V. an effluent concentration of 
zero was measured for each of the metals. 

A conductive graphite felt was analyzed in the next study. Both unaltered and altered 
graphite felt were utilized. Surface area measurements demonstrate the ability to increase the 
surface area by alteration. Prior to alteration, the surface area of the graphite felt was 0.17 
m2/g. Upon altering the surface, this was increased to 55.41 m2/g. over a 300-fold increase. 
The performance of the bare graphite felt was first assessed. Minimal removal was seen due 
to adsorption. Upon applying a potential of -1.00 V, most of the lead (97%): but only 22% of 
the cadmium was removed. Solutions treated under the same conditions using the altered 
graphite felt removed the lead below detectable limits, as well as improved the removal of 
cadmium (46%). Application of a more negative potential and optimization of experimental 
parameters can be employed to improve these efficiencies. 

To confirm minimal contribution from the platinum mesh, the system was tested in the 
absence of any carbonaceous cathode material. It was found that the platinum mesh does not 
contribute significantly ( ~ 2 % )  to the removal of the metal ions from solution. 

Continuous removal of lead from an aqueous stream using electroplating on the 
proprietary carbon material was used to demonstrate the long-term effectiveness of the 
carbonaceous cathode. The lead solution was passed through the remecliation cell and the 
ions were removed by applying the desired potential. A potential of -1.00 V was applied to 
remove lead via electroplating. Over a continuous period of 72 hours, a removal efficiency of 
89% or greater was achieved for an inlet lead concentration of 100 ppm. Calculation of the 
lead removed over this period demonstrates a capacity of 0.90 g,dg,,,,, but it should be 
stressed that even at 72 hours, the carbon showed no signs of saturation (see Figure 3). 

The final desire is the recovery of the metals once they have been removed from the 
aqueous stream. It is possible to recover the metal ions plated onto the cathode surface 
simply by reversing the potential. This was demonstrated using a feed solution concentrated 
100 ppm in lead ions. The lead ions were removed at a potential of -1.00 V for 3 hours. 
Subsequent recovery of the lead at a potential of +1.00 V produced an effluent stream more 
concenlrated in lead. This concentration was 331 ppm lead, which demonstrated a 3:l 
concentration of the waste stream. For mixed metal streams, individual metal ions can be 
selectively removed and recovered by these means. 

A summary of the removal efficiencies for all of the carbonaceous cathodic materials is 
given in Table 2. As can be seen, some of these devices are extremely effective for the 
removal of heavy metal contaminants from aqueous streams. 

This was 167 times greater than that of the graphite fiber mats alone, 

CONCLUSION 
The use of carbonaceous cathodes is an effective means to remove heavy metal 

contaminants from aqueous streams. By increasing the surface area of existing cathode 
materials or by using new high surface area materials, improvements in the removal 
efficiencies are obtained without the vast increase in the electrode volume. By careful 
selection of the appropriate experimental parameters, the selective removal and recovery of 
these metal ions is feasible. 

This work supported under project No. MC-17 as part of the WVU-DOE Cooperative 
agreement, DF-FC2 1-92MC29467. 

490 



0 
5 

491 



cn 
0 z 
w 
w 
0 
L L  
U w 

> 
0 
E w oc 

a 

8 
W 
J 

I- 

m a 

0 tc 

0 W 

.. 
(3 

492 



ELIMMATION OF COPPER ION FROM ITS DILUTE AQUEOUS SOLUTION BY 
VARIOUS CARBON FIBERS UNDER APPLIED CATHODIC POTENTIALS 

LTOMIZUKA, A.MIYAZAKI, M.OI1;AMOTO AND T.MEGUR0' 
National Research Institute for metals, 

Sengen Tsukuba, Ibaraki, Japan. 
'Faculty of Engineering, Yokohama National University 

Tokiwadai, Hodogaya, Yokohama, Japan. 

Keywords: carbon fiber, waste water treatment, copper ion 

SYNOPSIS 
A series of carbon fibers were dipped in an acidic aqueous solution containing copper ion. 
Cathodic potentials were applied to them. Chronological variation of residual concentration 
was observed. The behavior was discussed based on electrochemical impedance spectrometry. 
The ultrahigh modulus carbon fiber performed the best under the condition most favorable 
for it. Poorly crystallized activated carbon fiber was not much behind. A carbon fiber with 
a high electro-conductivity and covered with prism planes of the graphitic layer over the 
surface would perform much better, if such a fiber were available. 

INTRODUCTION 
Elimination of copper ion from acidic waste water is a problem to be solved for 
manufacturers of print-circuit boards. The ion is eliminated by non-recycling processes or 
by recycling ones. Non-recycling ones are cheaper but dubious from environmental point of 
view. The reverse is the case for the recycling ones. This research is intended to develop a 
new, more economical recycling process on the basis of electrochemical deposition of the 
metal. 

The material for the electrode for this purpose must be electro-conductive, chemically stable 
and of a large surface area. Carbon fibers are considered to satisfy these requirements to a 
reasonable extent. In order to specify the most appropriate fiber, we compared performance 
of a series of carbon fibers and discussed the behavior based on electrochemical impedance 
spectrometry (EIS). 

EXPERIMENTAL 
Employed carbon fibers are tabulated in Table 1. They cover fibers of a wide range of 
crystallinity, starting from a virtually-amorphous fiber from phenol resin, terminating at an 
ultrahigh modulus fiber (UHMF) from pitch. They include an activated carbon fiber from 
phenol-resin based carbon fiber (ACF). A wire of fine copper filaments was also used as a 
reference. This wire comprises 45 filaments of 17Omicrometers in diameter. Any fiber carries 
no coating and no sizing except for ACF, whose surface treatment in not disclosed. 

Chronological variation of residual concentration of copper ion was observed with use of a 
cell depicted in Fig.1, together with details of the connecting section from the metallic 
terminal pipe to carbon fiber. The free length of the fiber was 40mm. Bottom 35mm of the 
fiber was dipped in a 15ml of 0.5M of sulfuric acid containing 124wppm of copper ion. A 
potential of -180mV or -100mV was applied to the terminal (as measured against an 
Ag/AgCI reference electrode. Also -200mV, OmV and +lOOmV for ACF). Separate 
experiments were performed for each intended time of dipping. Neither mechanical stirring 
nor gas-bubbling was performed, because these actions might cause detachment of once- 
deposited metallic copper, which was weakly bonded to a fiber. Numbers of monofilament 
were approximately 3000 - 4500. Exact number varied depending on the specimen, because 
some fibers were in a form of yam, and because their exact counting was not practical. 
Residual concentration was determined by an atomic absorption spectrum. 

EIS was observed in an ordinary cell containing 500ml of the solution. The free length of the 
fiber was 25mm, and its bottom Smm was dipped in the solution. The number of 
monofilament was approximately 2100 for ACF and 2000 for UHMF. Impedance was 
observed at in the frequency range between lOOkHz through lOOmHz at each increment of 
0.2 of its logarithmic value. A bias voltage was selected from -2OOmV, -180mV, -100mV, 
OmV and +100m\l, as appropriate. Perturbation voltage was lOmV(0-p value). The 
impedance was calculated from integrated values of 1OOOcycles. 

Variation of the residual concentration 
In the case of ACF, a nominal potential more cathodic than -100mV was required for 
elimination of copper ion. Variations of residual concentration of the ion at nominal potentials 
of -100mV and -180mV are illustrated in Fig. 2 for selected fibers. Tentatively the data are 
cited in as-observed values, not ,normalized by the surface area or another, because it is not 
certain what type of normalization makes sense. Amount of deposited metal varied along the 
fiber axis andor among filaments. UHMF performed the best (whether normalized or not). 
But the other fibers, including those not shown here, were not much behind it. 

The trends of the variation were almost identical for most of the cases. The variation in the 
first 12 hours (the initial period) was more or less different from what followed thereafter(the 
later period). The amount of the variation in the initial period varied considerably with fibers 
and applied potentials. For poorly-crystallized fibers it was almost always nil or a moderate 
decrease. For well-crystallized one, it was a drastic decrease at -180mV, while it was almost 
nil at -100mV. In the later period, logarithm of the residual concentration decreased almost 
linearly against time for most fibers, especially at -180mV. In the other words, the variations 
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were reasonably approximated with an equation of the type 

This means that the rate of the elimination is roughly proportional to the residual 
concentration. The values of p were not much different among most of the fibers for a given 
potential. As the pattern of the variation was such that the performance of a fiber was 
controlled largely by the value of q, especially at -180mV. 

A taper-off of the rate of the elimination or even an increase in the 'residual concentration 
was observed for certain high-performance fibers in a very later stage of their dipping. A 
likely cause for it is that some of excessively-grown metallic copper particles detached off 
the fiber and re-dissolved into the solution. They were found to be bonded to a fiber very 
weakly. 

log(c) = pat + log(q) (1) 
C residual concentration, t: time, p,q: constants. 

Electrochemical Impedance Spectrometry (EIS) 
Shape of the Cole-Cole plots vaned considerably from one fiber to another. Most of them 
were composed of two arcs, although some appeared to comprise a single arc or three arcs. 
Three cases of two fibers are discussed in this preprint. 

Cole-Cole plots for ACF, one of the most poorly crystallized fibers, are shown in Fig.3. They 
are typical of two arc plots. They contain a large (apparent) solution resistance and two arcs, 
respectively of various sizes. The right arc, which is made from impedance seen in the lower 
frequency side (less than 1Hz) is understood to come solely from reaction(s) across the 
fiber/solution interface. The left arc, made from impedance in the region larger than lkHz ,  
is difficult to handle, because a signal of impedance was observed even when EIS was 
observed in air in this frequency range. It is understood to include impedance with the fiber. 

Characteristic values of the right arcs of the plots shown in Fig.3 were evaluated by assuming 
an equivalent circuit shown in Fig. 4. R,,, C,, & R,, and C, & R, stand for (apparent) solution 
resistance, characteristic values for the left arc and those for the right one. 

Results of the right arcs are shown in Fig. 5 (the values are based on the values of impedance 
observed at 0.25Hz). The values of charge transfer impedance are low. Both C, and R, 
decreased with time until a considerable amount of solid copper deposited on the fiber in the 
cases of the copper-containing solution, while only C, decreased in the cases of copper-free 
solution. This implies de osited copper making an active center. The values of R,,, R,, R, and 
their sum (which woulf be an approximate value of resistance when direct potential is 
applied) are summarized in Fig. 6. This chart reveals that a significant part of the total 
resistance goes to R-,. The values of R,, increased with time., Copper ion in solution 
diminishes R, even when metallic copper does not deposit. 

Fig. 7 illustrates Cole-Cole plots of UHMF, the most crystallized fibcr, at a nominal potential 
of -100mV. Although they appeared to be composed of two arcs, the are of three. This is 
revealed from the plots of impedance against frequency (not shown!. An arc at the high 
frequency end is too small to be seen in Fig. 7. This fiber shows a very small solution 
resistance. This chart includes plots for a copper wire observed when it was dipped in the 
same solution and in the copper-free sulfuric acid of the same molality. Although a chart like 
Fig. 5 or 6 cannot be prepared since the arcs are not well resolved, two facts are easily 
noticed. The first is that the initial impedance of UHMF in the copper containing solution is 
far higher than that of the copper wire. This means that UHMF is initially a semiconductor, 
if not an insulator. The second is that the shapes of the plots of UHMF approach with time 
to those of the copper wire in the copper-free solution. 

Model of the Behavior of the Two Fibers. 
A C F  Smaller value of R, estimated from EIS for the fiber suggests that a large number of 
active sites are present over the fiber surface. That is an advantage of poorly crystallized 
fiber. That will be the reason why poorly-crystallized fibers perform not far behind the well- 
crystallized fibers. Most of high R,, of poorly crystallized fibers is considered to emanate, 
not from genuine solution resistance, but from resistance of the carbon fiber, because it is 
much smaller for UHMF. This means that the potential difference across the fiber/solution 
interface is considerably lower than the nominal voltage applied by the potentiostat, 
(especially when current is large i s .  in the initial period), now that cathodic nature wanes 
along the fiber axis towards the free end of the fiber. This will be the reason why the 
performance is not so excellent in spite of the large number of active sites over the surface 
of this fiber. The larger values of R,, result in a lower power efficiency. 

UHMF The initial high impedance across the fiber/solution interface of UHMF suggests that 
the surface acts initially as a capacitor. The large decrease in residual concentration seen in 
the initial period for this fiber at -18OmV is likely due to enrichment of copper ion in or near 
the electrochemical double layer. The enrichment will be high, because the potential 
difference across the fibedsolution interface is large. The large potential difference over the 
whole interface is enabled by a low electric resistance along the fiber axis, which is evident 
from the low (apparent) solution resistance. This effect is small at a lower cathodic potential, 
say at -100mV. 

After finishing the initial period, main mechanism of the elimination shifts from a capacitative 
nature to a depositing nature. Metallic copper will deposit and grow on the active sites, now 
possibly on the already-deposited copper particles. This will make the mechanism of the 
elimination more akin to that for the copper wire. This will be the reason why the EIS of 
UHMF approaches to that of copper wire (in the copper-free solution, because the solution 
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is diluted with time). The initial high impedance of UHMF suggests also that only a limited 
number of active sites are present over the surface. This is a disadvantage in terms of electric 
deposition. This will be the reason why UHNF performs not far ahead of the other fibers in 
the later period in spite of its high potential difference across the fibedsolution interface. 

Conclusions 
A pitch-based ultrahigh modulus (and some other high modulus) fiber performed better in 
the condition most favorable for it. But poorly crystallized (activated or ordinary) fiber 
performed not too bad. Their mechanisms appear to be based on different advantages. The 
advantage of the former group is their high electrical conductivity along the fiber axis. This 
makes whole surface evenly effective. Low electrical conductivity across their surface is 
advantageous in the initial stage at a deep cathodic potential, but it is rather disadvantageous 
otherwise, especially when the cathodic potential is shallow. Directions of the high and the 
low electrical conductivity are mutually replaced for the latter group. The low conductivity 
along the fiber axis and high conductivity across the surface are their disadvantage and 
advantage, respectively. It is likely that a carbon fiber with a high electrical conductivity 
covered by prism layers of graphitic layer over the surface would perform better than those 
examined in this work, when such a fiber is materialized. 
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Copper wire Wire 

Toyo Boseki 
Home-made 
Home-made 
Nippon Chemicals 
Toho-Rayon 
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Petca 
Petca --_-- 

Commercial product. 
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Poorly crystallized, but oriented. 
Poorly crystallized. 
Commercial grade. 
Commercial grade. 
Ultrahigh modulus, well-crystallized 
High modulus, next to above. 
Commercial wire with vinyl cover. 
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Fig. 1 Schema,tic illustration of the cell used for observation of residual concentration of 
copper ion. 
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Fig. 5 Values of C, and R, for the right arcs shown in Fig. 3. 

Cu-conlg. 

5ooF Cu-free 

2 12 38 72 2 12 30 72 2 123072 2 12 90 72 
(h) (h) (h) (h) 

1OOmV OmV -100mV -200mV 

Fig. 6 Estimated contents of resistances under direct current for ACF 

2 

Copper-containing -100mV 

I 
1 

I I I I 
2 3 0 A 

Fig. 7 Cole-Cole plots of U H M F  together with those of copper wire. 

491 



CARBON BLACK AND CARBON BLACK-CONDUCTING POLYMER 
COMPOSITES FOR ENVIRONMENTAL APPLICATIONS 

Krishnan Rajeshwar 
Depamnent of Chemistry and Biochemistry 

The University of Texas at Arlington 
Arlington, Texas 76019-0065 

Wesley A. Wampler, Scott Goeringer and Michel Gerspacher 
Sid Richardson Carbon Co. 
Fort Worth Research Center 
Fort Worth, Texas 76106 

Keywords: Pollutant, redox reaction, chromium. 

INTRODUCITON 

A large fraction of the carbon black commercially produced in the U. S. and other pans of the world 
goes into the automobile tire indushy and other rubber applications. However, specialty applications 
of this material are expected to grow in the future. The present study explores the applicability of 
composites of carbon black and an electronically conductive polymer, polypyrrole, in environntental 
pollution abatement scenarios. 

Chromium was used as a model environmental pollutant for demonstmtion of our approach. 
Chromium occurs in two common oxidation states in nature, Because it is only 
weakly sorbed onto inorganic surfaces, Cr(V1) is notoriously mobile in nature. On the other hand, 
CXJII) is readily precipitated or sorbed on a variety of inorganic and organic surfaces at near neutral 
pH. The properties of C r O  and Cr(VI) have been reviewed with respect to acute and chronic 
toxicity, de@ toxicity, systemic toxicity, toxicokinetics, cytotoxicity, genotoxicity and 
carclnogenicity [l]. The. hexavalent chromium compounds appear to be 10-100 times more toxic than 
their C r O  counterparts when both are administered by the oral route. The toxicology of chromium 
does not reside with the elemental form but varies greatly among a wide variety of many different 
chromium compounds. Oxidation state and solubility appear to be crucial factors in the regard [l]. 
Other aspects of chromium toxicity and carcinogenesis have been reviewed [2]. 

Reduction of Cr(Vr) to Cr(III) followed by a pH adjustment to form the highly insoluble Cr(OH)3 
species would clearly be an effective means to counter the harmful effects of this element on the 
environment. It is worth noting that a wide variety of anhpogenic sources generate cr(vr> in 
effluent streams: Chrome plating, elecuonic, metallurgical, timber, and leather tanning industries to 
name. a few. Chemicals such as Sa, FeSO4 or sodium metabisulfite are currently used for cr(vn 
reduction. However, these chemicals are consumed in the process which also generates sludge and 
consequent solid waste handling problems. 

We demonstrate herein a new electrochemical strategy for the environmental remediation of that 
is based on sponruneous electron uansfer to Cr(VI) from a pre-reduced conducting polymer 
@olypyrrole)-carbon black composite thus reducing &(VI) to the trivalent form. In doing so, the 
composite itself is oxidized, and can be elecnochicully recycled back to the reduced state for a fresh 
treatment cycle. The present work builds upon an earlier effort [3] in the% laboratories that u t i l i  
polypyrrole as the active material. 

EXPERIMENTAL 

The carbon black-polypyrrole composites and the parent conducting polymer were chemically 
synthesized. Polypyrrole was chemically synthesized from an aqueous 0.1 M pyrrole solution using 
potassium persulfate as the oxidant Further details of the prepantion procedure and characterization 
are contained elsewhere [4]. 

The polypyrrolecarbon black composite was prepared in a similar manner except that the 
polymerization medium contained in addition, the requisite amount of the N135 black (41. Nominally, 
a composite containing -43% (by wt) of carbon black was utilized. In other experiments, the relative 
amount of polypyrrole and carbon black in the composite was varied by correspondingly varying the 
carbon black content of the polymerization medium [31. For preparation of PVC-polypyrrole and 
PVC-carbon black composite, appropriate quantities of the two components were thoroughly mixed 
together (in a mortar and pestle) to afford -43 wt% of the active material (polypyrrole or carbon 
black). A similar procedure was also adopted in one instance for preparation of the polypynole-carbon 
black composite. 

In all the experiments for this pilot study, pelletimi rectangular-shaped samples were u s e d  The pellet 
dimensions were chosen to fit inside a 1 cm path length quartz optical cuvette. ?he cr(vn solution 
comprised 1 m M  of KzCr207 in 0.1 M H2S04 yielding an initial concentration of C r O  of 104 ppm. 
In a typical experiment, 2 m~!, of this solution were pipetted into the cuvette. Chromium (VI) has an 
optical absorption band at 350 run that can be used to monitor its concentration. The optical 
absorbance of the solution in contact with the pelletized active material, was mNtod at requisite time 
intervals afm initial contact AU tests were performed at the laboratory ambient temperature. 

and 
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The efficacy of the polypyrrolecarbon black composite for reduction was compared against 
three reference samples: polypyrrole. and composites of polypyrrole or carbon black with an inert 
matrix polymer, namely polyvinylchloride (PVC). The carbon black used in this study (N135) was 
made by a m c e  process. 

RESULTS AND DISCUSSION 

In a related study [3] we showed that spontaneous electron transfer occurs fmm an elecaochemically 
pre-duced polypyrrole sample to Cr(VI) consistent with a reaction scheme as follows: 

C 0 e 2 -  + 6 P w  + 14 H+ --f 2 Cr3+ + 6 PF'y' + 7 H20 (1) 

In the above equation, PPy denotes polypyrmle and the superscripts "0 " and 'I+" correspond to the 
reduced and oxidized states of the redox polymer respectively. Taking values for the standard 
reduction potential of -0.2OV and +1.16V [3] respectively for the two redox couples in the above 
scheme, namely PPy+m and C+n+, the process represented by Reaction 1 has a standard free energy 
change of - 787 kJ/mol. One potential advantage of this approach (over currently-used chemical 
Watment schemes) is that the active material, polypynole, can be repeatedly shuttled back and forth 
between its two redox states (Figure 1). On the other hand, for a heterogeneous process (such as 
ours), very high surface dispersion of the active material obviously is desirable, and carbon black can 
serve this function as a "surface modifier" component Figure 2 contains data showing the ability of 
chemically synthesized polypyrrole to reduce C r O .  Half of the original cr(vI) is reduced after - 35 
min. contact with polypynole as illustrated in Figure 2b. We presume (as verified by atomic 
absorption specaoscopy experiments in the previous case, Ref. 3) that most of the chromium resides 
in the solution phase as C r o .  The solid line in Figure. 2b is an exponential decay model fit to the 
data, consistemt with fust-onler kinetics (see below). 

Carbon black by iIself can be compacted into a pellet; however it is much too fragile for routine 
handling and use in this form. Thus, PVC was chosen as an inert polymeric "binder." A pelletized 
sample of PVC alone gives no duction of Cr(VI) during a 60 min. exposure. Next, a 40% (w/w) 
carbon black in PVC was prepared as described in the Experimental Section. The sample was fvst 
electrochemically pre-reduced (at -0.9 V, all potentials herein quoted with respect to Ag/AgC1 
reference) in 0.1 M H2S04 prior to contact with the Cfll) solution; Figure 3 contains the results from 
this experiment. The. lower WVI) reduction rate in this case. (relative to Figure 2) could be. either a 
manifestation of the lower surface coverage of the active (carbon black) material, or an intrinsic 
difference between polypyrrole and carbon black. Nonetheless, the high activity of carbon black 
toward Cr(VI) was a bonus in terms of our new approach (see below). Again, the solid line in Figure 
3b is an exponential decay model fit to the data. 

Figure 4a contains data from an experiment wherein the potential of a carbon black-PVC composite 
electrode. was continuously monitored during contact with WI). As before, the elecmde was pre- 
reduced at 4.9V. On opening the circuit in 0.1 M H2S04, the elecmde potential gradually relaxes to 
the "rest" value. When the solution is subsequently dosed with cr(vr), the potential undergoes a 
sharp excursion in the positive direction prior to attainment of a plateau. This excursion is 
symptomatic of the oxidation of the electrode surface by cr(vr). 

In order to examine whether the oxidation resulted in introducing oxygen functionalities at the carbon 
black surface, XPS spectra of the carbon black samples were compared before and after CflI). No 
change in the CIS binding energy was noted. The lack of adsorption of chromium onto carbon black 
was also signaled by the absence of the chromium peaks at 44 eV (3 p). 576 eV (2 p 3 ~ )  and 586 eV 
(2 pin) in the XPS data. Similarly, experiments on samples before and aftex Cr(VI) contact show no 
significant change in Lc and La from the initid values of 11.10 A and 23.50 A, indicating that the 
material removal (by oxidation) occurs without alteration of the carbon black crystallite size within the 
maaix. 

The driving force for electron transfer from carbon black to Cr(VI) can be tuned by controlling the 
potential of the former. This is shown in Figure 4b wherein three types of samples, namely a "neutral" 
(electrochemically untreated) specimen, a sample pre-oxidized at +0.9 V and one pre-reduced at 
-0.9 V, are compared in terms of their relative efficacy for MVI) reduction. Electrochemical 
reduction raises the electron energy levels in the carbon black whilst the corresponding electronic states 
in the untreated and oxidized samples lie at lower energy levels. Stated in alternative terms, the 
reduction capacity of carbon black can be electrochemically tuned. 

The PVC-carbon black composite exhibits classical electronic percolation behavior [21]. ?hat is, there 
is a Critical carbon black concentration in the matrix at which particle connectivity is established 
Beyond this threshold (which occurs at - 20% (w/w) of the black), rapid increase in the electronic 
conductivity occurs with funher carbon black loading, quickly obtaining a plateau [4]. Figure 5 
contains Cr(VI) conversion data for four different PVCcarbon black samples. Samples containing 
carbon black at levels below the percolation threshold exhibit negligible activity toward am. 
Interestingly, there is an abrupt increase in the activity at the threshold beyond which only a modest 
increment occurs for the 40% (w/w) black PVCcarbon black sample. 

Figure 6 contains a comparison of the relativeefficacy of polypyrrole and carbon black for cr(vr) 
reduction. These data were generated on three types of samples: a polypplecarbon black 
composite, a reduced PVC-carbon black Composite and a polypyrmle-PVC composite. The 
polypmlecarbon black composite contained - 43% (whv) of carbon black. To facilitate the 
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comparison, all these samples were "diluted'' to the same extent with the PVC binder to afford 40% 
(w/w) of the active material. That is, the polypyrrole-carbon black composite in this particular 
experiment had a composition of 22.8% (w/w) polypyrrole, 17.2% (w/w) carbon black and 60% Pvc 
in the final pelletized sample. 

Interestingly, the composite containing both polypyrrole and carbon black as the active material 
exhibits the highest activity for WI) duction. Further, carbon black (at least the grade used in this 
study) outperforms polypyrrole in its ability to reduce CrOrI). The conversion data in Figure 7 can be 
fitted to a pseudo frst-order lcinetics scheme. 

The influence of carbon black level in the hlypyrrole-carbon black composite on the ability of the 
latter to reduce Cr(VI) was also considered. Coneary to the experiments considered earlier in Figure 
6, the composite samples in this case were prepared without the PVC binder. A systematic 
improvement in the composite performance is noted with an increase in the carbon black content 
although the rate of improvement tends to saturate at the higher loadings. 

SUMMARY 

This study has shown that the composites outperfom both polypynole and carbon black in terms of 
their ability to reduce (30. It is worth nothing that in the composite, both redox (polypyrrole) and 
oxidizable (carbon black) functions are built into the material framework. The former is reversible and 
the latter is irreversible. This is fortuitous in an economic sense in that carbon black is the less 
expensive of the two components, and can be periodically replenished. The stability of polypyrrole in 
repeat use cycles was also briefly explored in this study. No appreciable and systematic loss of 
conversion efficiency was noted over three conversion cycles as long as the electrochemical 
regenerution (reduction) step was essentially complete. This latter process is a function of the 
polypyrrole morphology and the reduction potential used, and could encompass a time period 
anywhere from a few seconds to a few minutes. In our hands, a regeneration potential of 4 . 9  V in 
0.1 M H2SO4 and a reduction time of 30 minutes were effective in restoring the activity of the sample. 

We have used compacted samples for the active material in this study, merely for experimental 
convenience. A practical cr(vr) treatment system can be. envisioned to consist of apucked bed 
through which the effluent sueam could be recirculated. This bed would comprise fine Qm size) 
particles of the polypyrrolecarbon black composite. Electrical contacts could be introduced via 
procedures routinely adopted for packed-bed electrochemical flow reactors (c.f. Ref. 5). Ideally, the 
charge-msfer kinetics at the active materiavsOlution interface must be fast enough such that the 
system is under mass-transport control. Further efforts will focus on optimizing the CrOrI) 
conversion kinetics at the polypple-carbon black particle/solution interface. The fact that the 
reaction half-life is independent of the initial CrOrI) concentration is encouragipg in this regard. 

A practical system would also require a pH adjustment step to immobilize the reduced crcm) onto the 
sample bed. The immobilized Cr(OH)3 could be reoxidized and released in a subsequent back- 
flushing cycle so that the Cr(VI) treatment system also regenerates Cr(VI) for fresh reuse. Further 
development of our Wl) pollution abatement approach and the implementation of a practical system 
along the lines outlined in the previous paragraphs, are continuing in these laboratories. 
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Figure 2. 

Data illustrating the ability of chemically synthesized polypynole to reduce CrCvI). 
UV-VIS spectra are shown in Figure 2a, and the Cr(VI) conversion vs. time computed 
from these spectral data are contained in Figure 2b. The numbers on the specwa in 
Figure 2a show the contact time with OW). The initial C r O  solution composition is 
specified in the Experimental Section. The solid line in Figure 2b is a least-squares fit 
of the data (see text). 

'\ 

Figure. 3 

Data illustrating the ability of carbon b k k  to reduce (30. UV-VIS spectra are 
shown in Figure 3a, and the Cr(Vl) conversion vs. time computed from these spectrsl 
data are contained in Agurc 3b. The spectral notation in Figure 3a as in Figure 2a. The 
carbon black was dispersed in PVC to yield a composite containing 40% ( w h )  of the 
black. "le sample was first m l u d  at -0.9 V in 0.1 M H2so4 prior to CrorI) contact 
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Figure 4. (a) Variation of the open-circuit potential of a PVCcarbon black composite electrode 
(30% whv of carbon black) before and after contact with the Cr(VI) solution. The 
electrode was pre-reduced at -0.9V in 0.1 M HzSO4 prior to opening the circuit and 
monitoring the potential. (b) Effect of elecaochemical pre-mtment (in 0.1 M HzS04) 
on the ability of a PVC-carbon black composite (30% wlw of carbon black) to reduce 
c o r ) .  
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Figure 5. Influence of carbon black level (in the PVC-carbon black composite) on the C3f.V) 
reduction abili of the composite. The percolation threshold in the Composite occurs at 
-20% (w/w) orthe black (refer to text). 

Figurc 6. Comparison of the dative efficacy of polypyrrole, carbon black and the polypynole- 
carbon black composite for Cr(VI) remediation. The composite contained -43% (wh) 
of the black. In all the three cases, the active material was diluted to 40% by mixing 
with the inert PVC (refer to text). 
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ABSTRACT 

During these last years, many investigations have been made on sulphur elimination processes from 
hydrocarbon feedstocks because of environmental regulations which are more and more strict. This 
is a study on a plasma process dedicated to heavy hydrocarbon hydrotreatment and hazardous 
substances removing such as sulphur compounds. It is  a co-processing of a fluidized spouted bed 
and an inductively coupled plasma working at atmospheric pressure. A high flow of hydrogen 
radicals is generated and a rapid quench of the plasma leads to an increase of hydrogen radical life- 
time and promotes chemical reactions of desulfurization at low temperature (7OCNOO K). 
The primary objective of this work is to understand the cleavage of C-S bond under these plasma 
conditions. To this end, thermodynamic calculations are done and preliminary experiments are 
carried out with different mixtures where n-hexadecaue is chosen as  the model molecule in 
hydrocarbon hydrocracking, and sulphur compounds are added in small amounts (0-1 % S wt). 
Compounds such as dimethyl sulphide, 2-butanethiol, benzothiophene and thiophene are. currently 
studied. The influence of CH3". H". HS" and PhS" (C&sS") is also considered. 

INTRODUCTION 

The development of upgrading processes in order to convert heavy feeds to lower boiling products, 
have to take into account the presence of components which make processing difficult, such as  
sulphur compounds. Besides, one of the operational problems of upgrading heavy feeds is the 
formation of undesirable high amounts of coke, which represent losses in hydrocarbonaceous 
materials and also need a costly separation step (1). 
The development of such processes requires improvement of certain properties, especially WC 
ratio. This is equivalent to adding hydrogen or rejecting carbon. For this reason, considerable 
attention is given to hydrogen addition technologies (hydrocraking) as opposed to carbon rejection 
technologies (thermal processes). 
It has been revealed that hydrogen plays an important role in the activation and control of conversion 
of heavy feeds into marketable products (2.3). However, high conversion of heavy feeds into 
distillate products require an efficient hydrogen activation, which can be promoted by adding a 
suitable catalysts. Nowadays many new and hydrotreatment catalysts are entering the market and 
their evaluation in terms of activity and stability is the subject of many recent works (4). However, 
their use presents also inconvenients which are mainly reliable to deactivation phenomenon - due to 
the coke deposition and sintering of the active sites (5.6) - and also to the high cost of the active metal 
species. 
Our approach in this paper is to present briefly a new upgrading thermal inductively coupled plasma 
process working under atmospheric pressure and dedicated to heavy hydrocarbon hydrocracking. 
The plasma produces a high flow of hydrogen radicals and a spouted bed is used for the plasma 
quenching in order to avoid coke formation. The coupling of the plasma and the spouted bed 
provides a non equilibrium system where hydrogen radicals amounts are loo0 times greater than 
those in an equilibrium system (7). The use of such a process seems to be suitable since the high 
temperature and the high flow of radicals provide high efficiency of molecule decomposition such 
as sulphur compounds. In fact, plasma may operate by providing a source of hydrogen radicals 
through the dissociation of molecular hydrogen and then these radicals can promote the bond 
cleavage reactions. 
Since many years, investigations have been made on sulphur compound addition effects on various 
hydrocarbons such as methane (8). propane (9), heptane, n-nonane (lo), and in petroleum fractions 
such as naphtha (11 ) .  Sulphur compounds, like thiophenics have long been known to be fairly stable 
thermally and relatively unreactive. At this end, the behaviours of compounds such as thiophene, in ' 
n-hexadecane is investigated in this paper. The studies are also directed towards extending these 
experiments to industrial feed stocks like gas oil. The analytical results are obtained by off-line gas 
chromatography. 
Moreover, the reactor parameters have to be taken into account, so as to point out the roperties of 
the plasma phase (Ha and CH3O radicals) and those of the solid phase (AI&, CaO, CaEb,). 
In the same aim, a preliminary and predictive study had been realized on C-H-S-0 system, and 
thermodynamic calculations permitted to determine the gas phase evolution: the stable species versus 
the temperature, the pressure and the initial composition of the gas mixture, and then optimal reactor 
parameters. 

PREDICTIVE CALCULATIONS 

T T  Thermodynamic calculations for C-H-S-0 
system give information about stable species in function of temperature, pressure and initial 
composition of the gas mixture. Moreover, these calculations lead to the prediction of optimal 
reactor parameters towards the distribution of molecules in the gas phase at the equilibrium state. 
The principle of calculations is based on the Gibbs free energy minimization of the studied mixture 
using a Second order Taylor method (121. 
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The calculation parameters are: 
- thermodynamic parameters: pressure, temperature and free enthalpy v e m s  temperature, 
- different species considered at the equilibrium (molecules, atoms, ions, radicals), 
- initial composition of the chemical mixture. Thermochemical data are taken from Janaf 
tables (13). 
The computational program can only consider homogeneous phase cases. SO, phenomena involved 
in solid phase interaction could not be taken into account. Besides, this method does not predict the 
kinetic evolution of the physicochemical system. 
In order to study the desulfurization of sulphur containing hydrocarbons, a first simulation was 
made, it is  intended to represent the decomposition of an average petroleum section 
(CIHIOIS = 1/1.4383.103/3.10~/1.7.102) (14). This result shows the important role of 
temperature and initial composition in C-S bond cleavage. 
The major products obtained (fig. 1)  are light hydrocarbons (C&, CzHz..), aromatic hydrocarbons 
(C6H6). and sulphide molecules such as H2S and csz. We observed that the effect of hydrogen 
addition (fig.2) is  to eliminate progressively sulphur from hydrocarbon chains by formation of 
hydrogen sulphide which can easily be trapped by inert solids. The decomposition of sulphide 
hydrocarbons must be carried out at temperatures under 2000 K, because of the growth of their 
stability with temperature elevation. Besides, the increase of oxygen amount in those systems leads 
to the apparition of toxic molecules such as So,?, CSO and CO (fig.3). 

Thermodvnamic s tudv of the heteroeeneous Phase. One of the main objectives of this 
study in using a solid phase in the plasma post-discharge is to keep toxic molecules level in gas 
effluents under the ppm value. The toxic elements such as HIS can be eliminated from the gas phase 
by trapping on solid particles and producing an inert solid (15). The possibility of using alkaline 
earth oxides in such heterogeneous systems was demonstrated by means of free energy diagram of 
sulphur compounds (fig.4). This diagram represents the thermodynamical stability of solids versus 
temperature and it suggests that using a spouted bed of alkaline earth oxide, like calcium oxide, 
seems to be suitable for trapping toxic sulphur containing gas by calcium sulphide formation. These 
can be possible at temperature up to 1170 K where calcium dioxide is able to react with toxic gases. 

EXPERIMENTS AND RESULTS 

Exoerimental  eauimnent.  The reactor (fig. 5) is composed of a double-flow inductively 
coupled plasma torch made of quartz and working with an argon-hydrogen mixture. The inductor is 
made of four water cooled copper coils. The double flow torch, supplied with up to 20% hydrogen 
in argon, is injected laterally in a two dimension spouted bed reactor. The inductively coupled 
plasma (5.4 MHz, 18 kW) is characterized by a global efficiency of 50%. The bed is a 
parallelepipedical refractory reactorwith aregime ofajet spouted bed where particles - A124, 
CaC@ or CaO, (250-350 pm) - are fluidized by argon or hydrogen. The formed particle fountain 
divided the bed in two parts : 
- the region in front of the plasma with temperatures in the range of 2500-1800 K, 
- and the region behind the fountain with temperatures in the range of 700-1 100 K. 
The hydrocarbon feedstocks are injected in the latter region. 

Hvdrocrackine exoeriments.  The decomposition of n-hexadecane was investigated in the 
presence and absence of sulphur compounds which are introduced into the reaction system together 
with the feed. The purpose of this work is to study the influence of dimethyl sulphide, 2- 
butanethiol and methyl-phenyl sulphide on the conversion rate of n-hexadecane and on yields of 
products. Hydrogen sulphide produced i s  measured for each experiment by way of tube gas 
(Rolabo). The bed particles used are alumina particles (350 pm). All sulphur compounds are added 
in the mixture at the same content: 1 % wt of sulphur, in order to achieve comparable experiments. 
The hydrocarbon composition of gaseous and liquid product mixtures was determined by gas 
chromatography. 
The qualitative and quantitative composition of the sulphur products are still not possible at this time 
for analytical problems, nevertheless their effects on n-hexadecane decomposition are observed. 
Gaseous products are analysed by gas chromatography (Girdel 30, flame ionization) with ST104 
column, and liquid ones by Shimadzu GC-9A chromatographe (flame ionization) with an SE30 non 
polar column. Carbon black quantification is -done thanks to reflectance measurements on 
normalized filters. 

Mass balance a n d  conversion rate .  The mass balance is realized for gases and liquids. 
Analysis lead to mass balance in term of conversion as follows: 
Conversion C (% mass) = mass flow n-C16 initial/massflow n-Cl,jafterreaction 
Two samples are taken on the effluent gas: one in a glass gas sampling bulb (for gases C I - C ~ )  and 
an other one in a liquid nitrogen trap (for liquid compounds cs-Cl6) (fig.5). 

ExDerimental conditions. Pressure: 1 atm, power : 4.16 kW, plasmagen gases: argon and 
hydrogen : 27lImin and 3lImin respectively, fluidization gas: argon: 42.9 Ilmin, total hydrocarbon 
flow: 0.4 kgh ,  particles used alumina 350 pm. 

Hvdrocrackine of u-hexadecane. Previous works on n-hexadecane hydropyrolysis in plasma 
spouted bed reactor at atmospheric pressure and realized in the laboratory are summarized in the 
following conclusions: 
- linear light a-olefins are principally obtained where ethylene and propylene are the major 
products, - the carbon black formation can be neglected, 
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- the residence time is very short about 0.3 seconds, 
- n-hexadecane conversion rate increases while hydrogen flow increases, 
- hydrogen radicals produced by the plasma and quenched by the fluidized bed are involved in 
radical reaction processes, especially in initiation ones. 
Under these conditions, at 973 K, with a residence time of 0.3 second, the cracking yield obtained 
is 37.4 % (wt). The major products are ethylene (33.45 %), propylene ( 1  1.81 %) and C& 
(6.8 a). Olefins represents about 90 % (wt) of the cracking products, and the coke less than 
0.5 % (wt).  

W e c t s  of s u l a h u r  comDoun ds OR n - exadecane hvdrocrack The addition of 
sul#v%on rate (table 1). 
Experimental conditions are on the whole similar, except for the fourth experiment (Me-Ph- 
sulphide) where the temperature is higher and the process is more a thermal one, but on the whole 
the conversion rate increase by 8 % for thiophene addition, 18 % for dimethyl sulphide and 2- 
butanethiol. The hydrocarbon product (without sulphurs) distribution is not really affected in these 
operating conditions in terms of quality, nevertheless, an increase of olefins of 2 % is observed 
(fig.6). Besides, C2& and CzH2 decrease while an increase of C4H6 can be noted. 
Hydrogen sulphide amount for thiophene mixture is the lowest one (5 ppm) because this compound 
is thermally stable and relatively unreactive. These properties have been attributed to its conjugated 
structure which allows the free electron to be largely delocalized. The highest value is for 2- 
butanethiol mixture (140 ppm), and for sulphides : dimethylsulphide and methyl-phenyl sulphide, 
hydrogen sulphide emission is at about the same. 
These results suggest that under plasma conditions, the cleavage of hydrocarbons is intimately 
related to the appearence of highly reactive light radicals such as CH3', H", HS" and PhS" and which 
influence the course of radical reactions and the rate of hydrogen transfer is one of the main factors 
to be considered in mechanism understanding. Thus, the fact that thiols have the ability of 
accelerating H-transfer reaction by a factor of 200 (17) might be explain at least in part the increase of 
n-hexadecane conversion for 2-butanethiol mixture. 

Cracking of gas oil feedstock. The behaviour of a classical industrial feedstock (1150- 
4M"Q; S = 1.5 % wt) has been studied in the plasma spouted bed reactor. This oil product was 
characterized before and after the treatment (fig. 7). 
The effect of this treatment is to reduce heavy hydrocarbons (>30O0C) from 60 to 18 %, while 
conserving the middle product (<150-300"G) up to 40 %. 
Sulphur compounds of the considered petroleum fraction have also been analyzed before and after 
plasma treatment (I8) on SPB sulfur column (Supelco) with chemiluminescence detector. The 
preliminary observations were the followings: 
- presence of sulphur compounds in the gas-oil : aliphatics and cyclics, 
- hydrogen sulphur emission during plasma treatment, testifying to C-S bond cleavage, 
- reduction of mercaptans and sulphides amounts, 
- dealkylation of substituted benzothiophene, 
- thiophene production after treatment which is testimony to ring opening. 
Alkylated sulphur compounds in gasoline feedstock are sources of CH3O radicals which have an 
effective influence on reactions occurring during hydrocarbon plasma pyrolysis. This is validated by 
the increasing of the conversion rate in case of aliphatic hydrocarbons such as n-hexadecane. 

CONCLUSION 

Sulphur compounds under plasma conditions, introduced into the reaction system together with the 
feed, catalyses the rate of n-hexadecane decomposition and influence the selectivity especially in 
terms of coke precursors during hydropyrolysis. Compared to the pure n-hexadecane, the 
decomposition rate increases by 8 to 18% depending on the nature of added sulphur compounds 
which are effective H-transfer catalysts and improve the yield of a-olefins. The decomposition 
increase as the amount of thiyl radicals is increased. In case of gas oil feedstock, a dealkylation of 
substituted sulphur compounds and ring opening in aromatic ones are observed 
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Table 1: sulfur compound effects 
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Figure 1: Complex Equilibrium of the system: C:H:O:S = 1 : 1.438: 3.10-3 : 1.7.1e2 at P=latm. 

7-m- (K) 

Figure 2 Complex equilibrium of the system: C H S  =4  : 4 :1, at Elatm 

Figure 3: Complex equilibrium of the system: C:H:S = 4 : 12 : 1, atP=latm 
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Figure 4 Free energy of different heterogeneous reactions versus temperature 
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Figure 5 : General flow sheet of the plasma fluidized bed reactor 
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